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General Introduction 
A. Introduction. 
 
A.1. Context. 
 
Upon activation with methylaluminoxane (MAO) and in the presence of an aluminium 
haloalkyl, neutral Group 4 complexes [MCp2Cl2], generate 14-electron, cationic alkyl species 
[MCp2Me]+[A]– that are highly active for the homogeneous polymerisation of ethylene.1 This 
has led to the introduction of analogous neutral rare-earth metal* complexes.2 [LnCp2R] 
compounds are isoelectronic with [MCp2R]+[A]– and present the advantage that they do not 
require a cocatalyst to display high reactivity in olefin polymerisation. The idea of making the 
metal centre more Lewis acidic by converting a neutral compound into a cation, initially 
applied to Group 4 species, has been exended to rare-earth derivatives. The original 
bis(cyclopentadienyl) framework has been progressively abandonned to the profit of more 
specific ligand sets, allowing fine tuning of the steric bulk and electron richness in the 
coordination sphere of the metal.3 
Thus, the chemistry of cationic alkyl complexes of the rare-earth metals has been the object of 
increasing attention over the past decade, since the first spectroscopic evidence for the 
existence of such species.4 Mono- and dicationic species supported by various donor 
molecules have been isolated and structurally characterised, providing a better understanding 
of their reactivity in catalytic processes.3b 
Different routes to access cationic derivatives of the rare-earth metals are now known (see 
Scheme A.1.1). The most commonly used methods to abstract an alkyl moiety from a neutral 
precursor are: 
- protonolysis by a Brønsted acid (I). Ammonium salts [NR3H]+[BAr4]– (R3 = Me3, 
Et3, nBu3, PhMe2; Ar = Ph, C6H4F-4, C6H3(CF3)2-3,5, C6F5...) are typically used for this 
purpose. 
 - abstraction by a Lewis acid (II). Homoleptic Group 13 tris(alkyl) species [ER3] (E = 
B, Al mainly; R = CH2SiMe3, Ph, C6F5) are used mostly. The isoelectronic trityl cation 
[Ph3C]+ can be considered a strong Lewis acid (III). 
Other methods include: 
- salt metathesis (IV).  
- Lewis base induced alkyl displacement (V). 
                                                 
* In this work, the term “rare-earth metals” will refer to both the Group 3 metals (Sc, Y, La) and the Lanthanides 
(Ce–Lu). 
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- oxidation of a divalent species to the cationic trivalent equivalent (VI). 
- one pot synthesis involving the metal in its elemental form, as well as the 
proligand(s) in their neutral form (VII). 
  
Scheme A.1.1. 
 
 LnR3 + [HNR'3]+[A]– [LnR2]+[A]–– NR'3, –RH
LnR3 + [Ph3C]+[A]– [LnR2]+[A]–
– Ph3CR
LnR3 + ER''3 [LnR2]+[ER''3R]–
LnR2X + [M]+[A]– [LnR2]+[A]–
– MX
LnIIR2 + A [LnIIIR2]+[A]–
LnR3 + xs L [LnR2Ln]+[RLm]–
Ln + 2 RH + A [LnR2]+[A]–
(I)
(II)
(III)
(IV)
(V)
(VI)
(VII)
 
 
 
 
 
 
 
 
 
 
A.2. Cationic Complexes of the Rare-Earth Metals. 
 
A.2.1. Bis(cyclopentadienyl) complexes. 
 
Cationic bis(cyclopentadienyl) complexes have been amongst the first cationic species to be 
discovered and investigated. The great stability conferred by the sterically demanding and 
electronically rich ligand environment in these species allowed for the isolation and structural 
characterisation of complexes of the largest rare-earth metal centres.5 Whilst charge 
separation occurs in the presence of donor molecules, contact ion-pairs were observed in 
donor-free species, leading to various cation-anion interaction modes in the solid state (see 
Chart A.2.1).6-8 
This family of complexes can be used for the access to neutral species via salt-elimination 
reactions. Lacking an intact Ln–C σ-bond, they are however of limited interest for catalytic 
purpose.9 
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Chart A.2.1. 
Ln B
R5
R5
Ln = La–Nd, Sm, Tm, Lu6
Ln
B
C6F5C6F5
Ln = Ce–Nd, Sm, Gd8
B
C6F5C6F5
F
F F
F Ln
F4 F4
F4 F4
Sc
B
X
X
X = H, F7
X5
X5
X5
X3
 
 
A.2.2. Cyclooctatetraene complexes. 
 
The cyclooctatetraene ligand [C8H8]2– is found in a few cationic rare-earth complexes.10,11 Its 
dianionic nature restricts however the simultaneous presence of a remaining alkyl group at the 
metal centre, as in the case of bis(cyclopentadienyl) species. It is worth to mention that the 
protonolyis of a borohydride moiety BH4 has been shown to be possible for the first time in 
the COT complex [Nd(η8-C8H8)(BH4)(thf)2] (see Equation A.2.1).11 
 
Equation A.2.1. 
 
Nd
(BH4)thf
thf
Nd thf
thfthf thf
[BPh4]–
+
[NEt3H]+[BPh4]–
- H2, -NEt3, -BH3
 
 
 
 
A.2.3. Mono(cyclopentadienyl) complexes. 
 
Cationic half-sandwich alkyl complexes of the rare-earth metals are still quite rare species, 
owing to the thermal sensitivity and complicated access to their neutral parent molecules. 
Since the first report by Schaverien of the in situ formation of the lanthanum species  
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[La(η5-C5Me5){CH(SiMe3)2}(µ-Ph)2(BPh2)] (see Scheme A.2.1),4 only the contact ion-pair 
[Sc(η5-C5Me5)Me(tBu3PO)(µ-Me)B(C6F5)3] was structurally authenticated by Piers et al.12  
 
Scheme A.2.1. R = CH(SiMe3)2; H+ = [NMe2PhH]+[BPh4]–. 
 
La La
R
B
R R
H+ thf
La R
thf
thf thf
[BPh4]–
+
 
 
 
 
 
The in situ generation of a series of alkyl complexes  
[Ln(η5-C5Me4SiMe3)(CH2SiMe3)(thf)n]+[B(C6F5)4]– (Ln = Sc, Y, Gd, Lu) was reported by 
Hou, but attempts to isolate these cationic species failed.13 
More recently, the bidentate aminobenzyl fragment CH2C6H4NMe2-2 was successfully used 
to isolate and fully characterise the contact ion-pair [Sc(η5-C5Me4SiMe3)(η3-CH2C6H4NMe2-
2-κN)(µ-C6F5)B(C6F5)3]. The aminobenzyl group binds to the metal centre via an  
η3-interaction of the benzylic moiety and the nitrogen atom, whilst a close contact of two 
fluorine atoms of the anion with the metal is observed in the solid state (see Scheme A.2.2).14  
 
Scheme A.2.2. H+ = [NMe2PhH]+[BPh4]–. 
 
Sc
SiMe3
N
N
H+ Sc
SiMe3
N
F
F
F3
B(C6F5)3
 
 
 
 
 
A recent report mentions that the lanthanum half-sandwich bis(aluminate) species [La(η5-
C5Me4SiMe3){(µ-Me)2(AlMe2)}2] can be converted, depending on the acid used, into 
different cationic species.15 A contact ion-pair featuring an intact AlMe4 moiety is obtained by 
protonolysis with [NMe2PhH]+[B(C6F5)4]– or reaction with [Ph3C]+[B(C6F5)4]– (see Scheme 
A.2.3, route i). Upon reaction with [B(C6F5)3], partial exchange of the Me groups at the 
aluminium centre for C6F5 groups initially bound to the boron centre occurs, leading to 
evolution of [BMe3] and formation of a dimeric species featuring [AlMe2(C6F5)2] anionic 
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bridges. In addition, the unreacted AlMe4 group is converted into a AlMe3(C6F5) fragment 
(route ii). 
Scheme A.2.3. i: 1 eq. of [NMe2PhH]+[B(C6F5)4]– or [Ph3C]+[B(C6F5)4]– in C6H6; ii: 1 eq. of [B(C6F5)3] in 
C6H5Cl. 
La
Al
C6F5C6F5
Al
C6F5C6F5
Me
Me Me
Me La
Me
Me
Al
Me
F
Me
Me
Al MeF
LaMe
MeAl
Me
Me
[B(C6F5)4]–
LaMe
MeAl
Me
Me
Me
Me Al
Me
Me
1/2
i ii
F4
F4
 
In an attempt to generate the monocationic hydride [Y(η5-C5Me4SiMe3)H(thf)x]+[BPh4]– by 
reacting the neutral cluster [{Y(η5-C5Me4SiMe3)}4(µ-H)4(µ3-H)4(thf)2] with an excess of 
[NEt3H]+[BPh4]–, the dicationic species [Y(η5-C5Me4SiMe3)(thf)4]2+[BPh4]–2 was obtained.16  
Reacting the clusters [{Y(η5-C5Me4SiMe3)}4(µ-H)4(µ3-H)4(thf)n] (n = 0, 1, 2) with one 
equivalent of [Ph3C]+[B(C6F5)4]– however allowed the isolation of the correponding 
monocationic hydrides [{Y(η5-C5Me4SiMe3)}4(µ-H)4(µ3-H)2(µ4-H)(thf)n(µ-C6F5)B(C6F5)3] (n 
= 0, 1, 2) as contact ion-pairs (see Scheme A.2.4). 
 
Scheme A.2.4. Cp’ = C5Me4SiMe3; i: 1 eq. [Ph3C]+[B(C6F5)4]–. 
Cp' Y
H
Y
H
Y
H
Y
H
H
Cp'
Cp'
H H
F
B(C6F5)3
Cp'
Cp' Y
H
Y
Cp'
H
Y Cp'
H
Y
Cp'
H
H
H H
H
F4
i
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Direct interaction of one yttrium centre with a fluorine atom of the anion was observed in the 
thf-free species.17 These three complexes remain so far the only examples of cationic hydrides 
of a rare-earth metal. 
 
A.2.4. Non-cyclopentadienyl complexes containing a monoanionic ligand. 
 
Monoanionic ligands other than cyclopentadienyls represent a large category of cationic 
complexes of the rare-earth metals. The most encountered ligands include functionalised 
triazacyclononane (a)18 and benzamidinato (b) groups,19 investigated by Hessen et al.,  
β-diketiminato groups (c), reported by Piers et al.,20,21 and the silanolate ligand (d) reported 
by this group (see Chart A.2.2).22  
 
Chart A.2.2. 
 
N N
RR
ArAr
Ar = C6H3iPr2-3,6
R = Me, tBu
N
NN
RR
Z
N
R'
Z = CH2CH2, SiMe2
R = Me, tBu; R' = iPr, tBu
O Si
OtBu
OtBu
OtBu
N N
Ph
ArAr
Ar = C6H3iPr2-3,6
a
b c d
Allyl complexes have been first investigated by Taube et al., and cationic species claimed in a 
patent.23 The only fully characterised cationic allyl complex so far known is the mixed 
allyl/chloride neodymium derivative [Nd(η3-C3H5)Cl(thf)5]+[BPh4]–, obtained by 
comproportionation of [NdCl3(thf)2] and [Nd(η3-C3H5)3(diox)], followed by protonolysis (see 
Equation A.2.2).24  
 
Equation A.2.2. 
 
[NdCl3(thf)2]
2 [Nd(η3-C3H5)3(diox)]
+
[NMe3H]+[BPh4]– [BPh4]–
Cl
Nd
thfthf
thf
thfthf 
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A.2.5. Complexes containing σ-bound ligands. 
 
Cationic complexes of the rare-earth metals only featuring σ-bound ligands and supported by 
neutral donors represent a recently discovered class of compounds. Only few ligand systems 
have been utilised for the access to such species (see Chart A.2.3): 1,4,7-triazacyclononane 
(tacn, e),25 1,4,7-trithiacyclononane (ttcn, f),26 1,1,1-tris(oxazolyl)ethane (trisox, g)27 and 
trispyrazolylmethane (tpz, h),25b none of them allowing however the structural 
characterisation of the cationic species formed.  
 
Chart A.2.3. 
S
S
SN
N
N
Me
MeMe
N
N
N
N
N
N
H
O N
iPr
O
N
iPr
O
N
iPr
e f g h
 
The unprecedent structural characterisation of a rare-earth metal cationic complex featuring 
σ-bound alkyl groups has only been reported in 2002. Reaction of the neutral tri(alkyl) 
precursor [Lu(CH2SiMe3)2(thf)2] with [BPh3], followed by partial exchange of the coordinated 
thf molecules for a crown-ether, yielded the monocationic lutetium bis(trimethylsilylmethyl) 
derivatives [Lu(CH2SiMe3)2(thf)n(CE)]+[B(CH2SiMe3)Ph3]–.28 When 12-crown-4 is used, a 
molecule of thf is retained in the structure, whilst the use of 15-crown-5 generates the 
isoelectronic thf-free complex. The small lutetium centre (86 pm, CN 6, ON 3) was 
unexpectedly found to accomodate all six oxygen of 18-crown-6, which is typically used to 
coordinate potassium (138 pm, CN 6, ON 1). The eight-coordinate lutetium adopts a doubly-
capped trigonal prismatic coordination geometry in which the crown-ether is highly distorted. 
Further work led to the characterisation of a series of complexes of the type 
[LnR2(thf)n(CE)m]+[A]– [Ln = Sc, Y, Lu; R = CH2SiMe3; A = BPh4, B(CH2SiMe3)Ph3, 
B(C6F5)4, B(CH2SiMe3)(C6F5)3, Al(CH2SiMe3)4],29–32 by direct reaction of the neutral 
tris(alkyl) [Ln(CH2SiMe3)2(thf)2] in thf with the appropriate acid. 
The ion-pairs [Y(CH2SiMe3)2(thf)4]+[E(CH2SiMe3)4]– (E = Al, Ga, In) were found to 
rearrange to the neutral constituents [Y(CH2SiMe3)3(thf)2] and [E(CH2SiMe3)3(thf)] in non-
donor solvents (see Scheme A.2.5).33   
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Scheme A.2.5. Solv. = benzene, toluene, bromobenzene; E = Al, Ga, In. 
Y
CH2SiMe3
CH2SiMe3
Me3SiH2C
O
O
+ [E(CH2SiMe3)3(thf)] Y
CH2SiMe3
CH2SiMe3
O
O
O
O
thf
[E(CH2SiMe3)4]–
+
Solv.
 
 
The homoleptic aluminate [Y{(µ-Me)2(AlMe2)}3] was used as “masked methyl-precursor“ to 
generate by protonolysis the di(methyl) monocation [YMe2(thf)5]+[BPh4]– featuring  
cis-arranged methyl groups, proving the accessibility of cationic methyl species solely 
stabilised by thf.32  
Recently, a new class of neutral precursors were shown to be suitable for the access to 
monocationic bis(alkyl) species: the benzyl group allows the isolation of the lanthanum 
complex [La(CH2Ph)3(thf)3], one of the rare neutral homoleptic lanthanum tri(alkyl) 
complexes known,34–36 which reacts with [NMe2PhH]+[BPh4]– to yield the structurally 
characterised ion-pair [La(CH2Ph)2(thf)4]+[BPh4]–. A weak interaction of the ipso and ortho 
carbon atoms with the metal centre suggests some degree of η3-bonding of both benzyl 
fragments in the monocation.37 
 
A.2.6. Dicationic complexes. 
 
Dicationic complexes of the rare-earth metals only retaining one alkyl group are even scarcer 
than their monocationic parents. The scandium species [Sc(ttcn)(CH2SiMe3)]2+[B(C6F5)4]–2 
and [Sc(trisox)(CH2SiMe3)]2+[B(C6F5)4]–2 were generated in situ by alkyl abstraction from 
their neutral parents, and characterised by multinuclear NMR spectroscopy.26,27 
So far, the isolation and full characterisation of dicationic, thf-stabilised alkyl compounds has 
been successful for the methyl, trimethylsilylmethyl and benzyl groups. 
Reaction of the tris(tetramethylaluminate) [Y{(µ-Me)2(AlMe2)}3] with two equivalents of 
[NEt3H]+[BPh4]– yields the methyl species [YMe(thf)6]2+[BPh4]–2 as a thermally robust 
microcrystalline solid.30,32 Similarly, the neodymium species [NdMe(thf)6]2+[BPh4]–2 is 
straightforwardly generated, affording a rare example of dicationic alkyl species of this large 
metal centre.32 The scandium, holmium, ytterbium and lutetium analogues, as well as the 
aforementioned yttrium species, can be prepared by reaction of the hexamethylate precursor 
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[Li(thf)1/3]+3[LnMe6]3– by reaction with five equivalents of [NEt3H]+[BPh4]– (see Scheme 
A.2.6).32  
 
Scheme A.7.1. H+ = [NEt3H]+[BPh4]–. 
Y thf
Me
thf
thfthf
thfthf
[BPh4]–2
2+
2 H+ 5 H+
[Y{(µ-Me)2(AlMe2)}3] [Li(thf)1/3]+3[YMe6]3–
 
 
The thf molecules in the methyl dicationic species [YMe(thf)6]2+[BPh4]–2 can be exchanged 
for pyridine without decomposition to give the adduct [YMe(py)6]2+[BPh4]–2. Under 
prolonged reaction time, slow C–H bond activation of pyridine leads to formation of the 
structurally characterised pyridyl complex [Y(η1-C5H4N-κN)(py)6]2+[BPh4]–2 with evolution 
of methane (see Scheme A.2.7).38  
 
Scheme A.2.7. 
Y thf
Me
thf
thfthf
thfthf pyr[BPh4]–2
2+
fast
Y py
Me
py
pypy
pypy
[BPh4]–2
2+
pyr
slow Y py
py
pypy
pypy [BPh4]–2
2+
N
+ CH4
 
The dicationic trimethylsilylmethyl complexes [Ln(CH2SiMe3)(thf)n]2+[BPh4]–2 (Ln = Y, n = 
5; Lu, n = 4) are obtained by reaction of the neutral tris(alkyl) with two equivalents of the 
strong acid [NMe2PhH]+[BPh4]–.30,31 
Reaction of [La(CH2Ph)3(thf)3] with two equivalents of [NMe2PhH]+[BPh4]– yields the  
ion-pair [La(CH2Ph)(thf)6]2+[BPh4]– with release of toluene. The compound adopts a 
pentagonal bipyramidal geometry in the solid state, similar to that observed in 
[YMe(thf)6]2+[BPh4]–2. The η3-bonding mode observed in the monocationic parent is lost in 
the dicationic species, where only the ipso carbon interacts with the lanthanum centre.37  
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A.3. Catalytic Applications. 
 
A.3.1. Ethylene and α-Olefin Polymerisation. 
 
The series of tris(trimethylsilylmethyl) precursors [Ln(CH2SiMe3)3(thf)2], upon activation 
with at least two equivalents of [NMe2PhH]+[B(C6F5)4]–, generates active catalysts for the 
polymerisation of ethylene. The activity was found to be closely related to the size of the 
metal centre used. The larger metal studied (terbium) displayed the highest activity, whereas 
small metals like scandium or lutetium only reacted sluggishly. The idea that dicationic 
species may play a crucial role in the polymerisation process was further confirmed by the 
observation that the monocationic complex [Y(CH2SiMe3)2(thf)4]+[Al(CH2SiMe3)4]– is not 
active as such, but requires one equivalent of [NMe2PhH]+[B(C6F5)4]– to show some 
activity.30  
Cationic half-sandwich alkyl species retain a potentially active Ln–C bond and are typical 
candidates for catalytic processes. Thus, the in situ generated mono(cyclopentadienyl) 
complexes [Sc(η5-C5Me4SiMe3)(CH2SiMe3)(thf)x]+[B(C6F5)4]– has been used for the 
copolymerisation of ethylene with styrene, giving syndiotactic polystyrene sequences.39 
Copolymerisation of ethylene and dicyclopentadiene (dcpd) was also achieved by this 
complex.40 
The aminobenzyl species [Sc(η5-C5Me4SiMe3)(η3-CH2C6H4NMe2-2-κN)(µ-C6F5)B(C6F5)3] 
polymerises 1-hexene with moderate activity, and was also shown to copolymerise it with 
dcpd to afford polymers containing various amounts of olefin, depending on the feed ratio  
1-hexene/dcpd.14  
When activated with one equivalent of [Ph3C]+[B(C6F5)4]–, the trithiacyclononane-supported 
scandium complex [Sc(ttcn)(CH2SiMe3)3] smoothly polymerises 1-hexene. Generation of the 
dicationic species [Sc(ttcn)(CH2SiMe3)(L)n]2+[B(C6F5)4]–2 induces an increase of activity 
from 200 to more than 3600 kg PH.mol–1.h–1, but also a great loss of control of the 
polymerisation (Mw/Mn > 23).26  
The in situ generated monocationic species [Sc(trisox)(CH2SiMe3)2]+[B(C6F5)4]– was found to 
be poorly active in 1-hexene polymerisation. Upon addition of a second equivalent of 
[Ph3C]+[B(C6F5)4]– however, formation of the corresponding dicationic derivative 
[Sc(trisox)(CH2SiMe3)(L)n]2+[B(C6F5)4]–2 affords a very active catalyst (> 2000 kg PH.mol–
1.h–1) producing isotactic polyhexene (mmmm = 90% at –20°C), with high molecular wheight 
(Mn = 750000 g.mol–1) and very narrow polydispersity (Mw/Mn = 1.18). Running the 
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polymerisation at room temperature tremendously increases the activity  
(> 36000 kg PH.mol–1.h–1), but affords a much less isotactic polymer with broader molecular 
wheight distribution (Mw/Mn = 2.22).27a Similarly, activation of the thullium analogue gives 
an active catalyst for the polymerisation of 1-hexene, 1-heptene and 1-octene (a reduced 
activity compared to the scandium compound was noted).27b   
 
A.3.2. 1,3-Diene Polymerisation. 
 
In the presence of tiba as cocatalyst, the bis(cyclopentadienyl) system  
[Ln(η5-C5Me5)2]+[B(C6F5)4]– (covering the whole range of f-block metals except Pm, Eu, Er 
and Yb) display high activity for the polymerisation of 1,3-butadiene. The gadolinium 
derivative affords polybutadiene with 97.3% 1,4-cis units when the polymerisation is carried 
out at room temperature. At –78°C, this proportion goes up to more than 99.9%.8,41 It also 
gives purely stereoregular polyisoprene (> 99.99% 1,4-cis), and efficiently affords random 
copolymers of butadiene and isoprene.42 The cerium analogue only gives 38.8% of 1,4-cis 
units at 25°C with [AliBu3], but affords 93.8% 1,4-trans units when [AlMe3] is used as 
cocatalyst.41 No investigations on the exact nature of the active species were carried out. 
The alkyl complexes [Ln{N(C6H4PPh2-2)2}(CH2SiMe3)(thf)2]+[B(C6F5)4]– (Ln = Sc, Y, Lu) 
were found highly active in the 1,4-cis stereoselective polymerisation of isoprene (1,4-cis 
content up to 99.6%). The inactivity of the neutral bis(alkyl) parents suggests the cationic 
derivatives to be the active species.43 
Cationic allyl derivatives of the rare-earth metals were found to be interesting species for the 
1,4-cis selective polymerisation of 1,3-butadiene. The neutral tri(allyl) precursors  
[Ln(η3-C3H5)3(diox)n] (Ln = La, Nd) are active without addition of cocatalyst, giving high 
1,4-trans units content. Upon addition of two equivalents of [AlEt2Cl] however, the activity is 
greatly enhanced, and the stereoselectivity switches to highly 1,4-cis. This was accounted for 
by the formation of a dicationic allyl species.23 
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A.4. Scope of this Work. 
 
The objective of this work is to investigate the suitability of simple homoleptic and half-
sandwich rare-earth metal species [LnR3(L)n] and [LnCpR2(L)m] as precursors for cationic 
complexes. We have been interested in replacing the ubiquitous trimethylsilylmethyl group 
CH2SiMe3 by other monoanionic fragments, in order to improve the accessibility and stability 
of the corresponding cationic derivatives. 
 
As alternative to the trimethylsilyl group 
  -the allyl group [C3H5] or [CH2CH=CH2] (η3- or η1-bound), 
  -the aluminate group [AlMe4], 
  -the borohydride group [BH4] 
were investigated. 
 
Chapter B.1 addresses the access to neutral and cationic allyl complexes 
[mono(cyclopentadienyl) and cyclopentadienyl-free species] from homoleptic tri(allyl) 
precursors and their use as catalysts for the polymerisation of 1,3-butadiene. 
 
The reactivity of neutral homoleptic tris(tetramethylaluminate) is investigated in Chapter B.2: 
the access to mono- and dicationic methyl derivatives is reported; the synthesis of half-
sandwich bis(aluminates) complexes, as well as their use for the formation of cationic 
complexes is described. The polymerisation of 1,3-butadiene catalysed by monocationic  
half-sandwich methyl species is investigated. 
 
Chapter B.3 describes the synthesis and structural characterisation of cationic 
bis(borohydride) complexes, as well as a brief study of their reactivity. 
 
The synthesis and characterisation of neutral constrained geometry complexes of the type 
[Ln(η5-C5Me4ZNR-κN)(CH2SiMe3)(thf)n] is reported in Chapter B.4. The reactivity of these 
complexes is systematically studied in the hydrosilylation of olefins RCH=CH2. 
 
Finally, the structural characterisation of the series of Group 13 tri(alkyl) species 
[{E(CH2SiMe3)3}n] [E = B, Al, Ga, In], as well as the acces to aluminium tri(allyl)  
[Al(η1-CH2CH=CH2)3(thf)] and its cationic derivatives is described in Chapter B.5. 
 12
General Introduction 
A.5. References. 
 
(1) (a) Sinn, H.; Kaminsky, W.; Vollmer, H.-J.; Woldt, R. Angew. Chem. Int. Ed. Engl. 
1980, 19, 390. (b) Jordan, R. F. Adv. Organomet. Chem. 1991, 32, 325. 
(2) Schumann, H.; Meese-Marktscheffel, J. A.; Esser, L. Chem. Rev. 1995, 95, 865. 
(3) (a) Arndt, S.; Okuda, J. Adv. Synth. Catal. 2005, 347, 339. (b) Zeimentz, P. M.; Arndt, 
S.; Elvidge, B. R.; Okuda, J. Chem. Rev. 2006, 106, 2404. 
(4) C. J. Schaverien, Organometallics 1992, 11, 3476. 
(5) See for example: (a) Hazin, P. N.; Bruno, J. W.; Schulte, G. K. Organometallics 1990, 
9, 416. (b) Schumann, H.; Winterfeld, J.; Keitsch, M. R.; Hermann, K.; Demtschuck, 
J. Z. Anorg. Allg. Chem. 1996, 622, 1457. 
(6) (a) Evans, W. J.; Seibel, C. A.; Ziller, J. W. J. Am. Chem. Soc. 1998, 120, 6745. (b) 
Evans, W. J.; Davis, B. L.; Ziller, J. W. Inorg. Chem. 2001, 40, 6341. (c) Evans, W. J.; 
Lee, D. S.; Lie, C.; Ziller, J. W. Angew. Chem. Int. Ed. 2004, 43, 5517. (d) Evans, W. 
J.; Perotti, J. M.; Ziller, J. W. J. Am. Chem. Soc. 2005, 127, 1068. (e) Evans, W. J.; 
Perotti, J. M.; Ziller, J. W. J. Am. Chem. Soc. 2005, 127, 3894. (f) Evans, W. J.; 
Perotti, J. M.; Kozimor, S. A.; Champagne, T. M.; Davis, B. L.; Nyce, G. W.; 
Fujimoto, C. H.; Clark, R. D.; Johnston, M. A.; Ziller, J. W. Organometallics 2005, 
24, 3916. (g) Evans, W. J.; Lee, D. S.; Johnston, M. A.; Ziller, J. W. Organometallics 
2005, 24, 6393. 
(7) Bouwkamp, M. W.; Budzelaar, P. H. M.; Gercama, J.; Del Hierro Morales, I.; de 
Wolf, J.; Meetsma, A.; Troyanov, S. I.; Teuben, J. H.; Hessen, B. J. Am. Chem. Soc. 
2005, 127, 14310. 
(8) Kaita, S.; Hou, Z.; Nishiura, M.; Doi, Y.; Kurazumi, J.; Horiuchi, A. C.; Wakatsuki, 
Y. Macromol. Rapid Commun. 2003, 24, 179. 
(9) In the presence of an aluminium alkyl cocatalyst, a series of monocationic 
bis(cyclopentadienyl) rare-earth metals complexes has been successfully utilised for 
the stereospecific polymerisation of 1,3-butadiene, see references 40–42.   
(10) Mashima, K.; Fukumoto, H.; Nakayama, Y.; Tani, K.; Nakamura, A. Polyhedron 
1998, 17, 1065. 
(11) (a) Cendrowski-Guillaume, S. M.; Nierlich, M.; Lance, M.; Ephritikhine, M. 
Organometallics 1998, 17, 786. (b) Cendrowski-Guillaume, S. M.; Le Gland, G.; 
Nierlich, M.; Ephritikhine, M. Organometallics 2000, 19, 5654. (c) Cendrowski-
Guillaume, S. M.; Nierlich, M.; Ephritikhine, M. Eur. J. Inorg. Chem. 2001, 1495. (d) 
 13
General Introduction 
Cendrowski-Guillaume, S. M.; Le Gland, G.; Lance, M.; Nierlich, M.; Ephritikhine, 
M. C. R. Chimie 2002, 5, 73. (e) Cendrowski-Guillaume, S. M.; Le Gland, G.; 
Nierlich, M.; Ephritikhine, M. Eur. J. Inorg. Chem. 2003, 1388. 
(12) Henderson, L. D.; MacInnis, G. D.; Piers, W. E.; Parvez, M. Can. J. Chem. 2004, 82, 
162. 
(13) (a) Luo, Y.; Baldamus, J.; Hou, Z. J. Am. Chem. Soc. 2004, 126, 13910. (b) Zhang, L.; 
Luo, Y.; Hou, Z. J. Am. Chem. Soc. 2005, 127, 14562. (c) Li, X. F.; Baldamus, J.; 
Hou, Z. Angew. Chem. Int. Ed. 2005, 44, 962. (d) Li, X. F.; Hou, Z. Macromolecules 
2005, 38, 6767. 
(14) Li, X.; Nishiura, M.; Mori, K.; Mashiko, T.; Hou, Z. Chem. Commun. 2007, 4137. 
(15) Zimmerman, M.; Törnroos, K. W.; Anwander, R. Angew. Chem. 2008, 120, 787. 
(16) Hultzsch, K. C.; Voth, P.; Spaniol, T. P.; Okuda, J. Z. Anorg. Allg. Chem. 2003, 629, 
1272. 
(17) Li, X.; Baldamus, J.; Nishiura, M.; Tardif, O.; Hou, Z. Angew. Chem. 2006, 118, 
8364.  
(18) (a) Bambirra, S.; van Leusen, D.; Meetsma, A.; Hessen, B.; Teuben, J. Chem. 
Commun. 2001, 637. (b) Tazelaar, C. G. J.; Bambirra, S.; van Leusen, D.; Meetsma, 
A.; Hessen, B.; Teuben, J. Organometallics 2004, 23, 936. (c) Bambirra, S.; Tsurugi, 
H.; van Leusen, D.; Hessen, B. Dalton Trans. 2006, 1157. (d) Bambirra, S.; Meetsma, 
A.; Hessen, B.; Bruins, A. P. Organometallics 2006, 25, 3486. 
(19) (a) Bambirra, S.; van Leusen, D.; Meetsma, A.; Hessen, B.; Teuben, J. Chem. 
Commun. 2003, 522. (b) Bambirra, S.; Bouwkamp, M. W.; Meetsma, A.; Hessen, B. J. 
Am. Chem. Soc. 2004, 126, 9182. 
(20) (a) Lee, L. W. M.; Piers, W. E.; Elsegood, M. R. J.; Clegg, W.; Parvez, M. 
Organometallics 1999, 18, 2947. (b) Hayes, P. G.; Piers, W. E.; McDonald, R. J. Am. 
Chem. Soc. 2002, 124, 2132. (c) Hayes, P. G.; Piers, W. E.; Parvez, M. J. Am. Chem. 
Soc. 2003, 125, 5622. (d) Hayes, P. G.; Piers, W. E.; Parvez, M. Organometallics 
2005, 24, 1173. (e) Knight, L. K.; Piers, W. E.; McDonald, R. Organometallics 2006, 
25, 3289. (f) Hayes, P. G.; Piers, W. E.; Parvez, M. Chem. Eur. J. 2007, 13, 2632. (g) 
Conroy, K. D.; Hayes, P. G.; Piers, W. E.; Parvez, M. Organometallics 2007, 26, 
4464. 
(21) Hitchcock, P. B.; Lappert, M. F.; Protchenko, A. V. Chem. Commun. 2005, 951. 
(22) Elvidge, B. R.; Arndt, S.; Spaniol, T. P.; Okuda, J. Dalton Trans. 2006, 890. 
 14
General Introduction 
(23) (a) Windisch, H.; Sylvester, G.; Taube, R.; Maiwald, S. (Bayer AG, DE) German 
Patent DE19720171A1, 1997. (b) Taube, R. In Metalorganic Catalysts for Synthesis 
and Polymerisation; Kaminsky, W., Ed.; Springer: Berlin, New York, 1999; p 531. 
(24) Taube, R.; Maiwald, S.; Sieler, J. J. Organomet. Chem. 2001, 621, 327. 
(25) (a) Hajela, S.; Schaefer, W. P.; Bercaw, J. E. J. Organomet. Chem. 1997, 532, 45. (b) 
Lawrence, S. C.; Ward, B. D.; Dubberley, S. R.; Kozak, C. M.; Mountford, P. Chem. 
Commun. 2003, 2880. 
(26) Tredget, C. S.; Bonnet, F.; Cowley, A. R.; Mountford, P. Chem. Commun. 2005, 3301. 
(27) (a) Ward, B. D.; Bellemin-Laponnaz, S.; Gade, L. H. Angew. Chem. 2005, 117, 1696. 
(b) Lukešová, L.; Ward, B. D.; Bellemin-Laponnaz, S.; Wadepohl, H.; Gade, L. H. 
Dalton Trans. 2007, 920. 
(28) Arndt, S.; Spaniol, T. P.; Okuda, J. Chem. Commun. 2002, 896. 
(29) Arndt, S.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J.; Honda, M.; Tatsumi, K. Dalton 
Trans. 2003, 3622. 
(30) Arndt, S.; Spaniol, T. P.; Okuda, J. Angew. Chem. 2003, 115, 5229. 
(31) Elvidge, B. R.; Arndt, S.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J. Inorg. Chem. 
2005, 44, 6777. 
(32) Arndt, S.; Beckerle, K.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J. Angew. Chem. 
2005, 117, 7640. 
(33) Kramer, M. U.; Robert, D.; Nakajima, Y.; Englert, U.; Spaniol, T. P.; Okuda, J. Eur. J. 
Inorg. Chem. 2007, 665. 
(34) Apart from the tri(benzyl) species, the only other homoleptic lanthanum precursor 
obtainable by salt elimination is the tris(allyl) [La(η3-C3H5)3(diox)], see: Sánchez-
Barba, L. F.; Hughes, D. L.; Humphrey, S. M.; Bochmann, M. Organometallics 2005, 
24, 3792. 
(35) The tris(tetramethylaluminate) species [La{(µ-Me)2(AlMe2)}3] is obtained by 
“[AlMe3]-mediated [NMe2] → [AlMe4] transformation”, see: Zimmerman, M.; 
Törnroos, K. W.; Anwander, R. Angew. Chem. 2008, 120, 787. 
(36) The tris(bistrimethylsilylmethyl) species [La{CH(SiMe3)2}3] is accessible, but has to 
be synthesised in a tedious four-step reaction, see: Hitchcock, P. B.; Lappert, M. F.; 
Smith, R. G.; Bartlett, R. A.; Power, P. P. J. Chem. Soc., Chem. Commun. 1988, 1008. 
Direct reaction of LaCl3 with three equivalents of [LiCH(SiMe3)2] yields the  
ate-complex [Li(pmdeta)]+[La{CH(SiMe3)2}3Cl]–, see: Atwood, J. L.; Lappert, M. F.; 
Smith, R. G.; Zhang, H. J. Chem. Soc., Chem. Commun. 1988, 1308. 
 15
General Introduction 
(37) Bambirra, S.; Meetsma, A.; Hessen, B. Organometallics 2006, 25, 3454. 
(38) Arndt, S.; Elvidge, B. R.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J. Organometallics  
2006, 25, 793. 
(39) Luo, Y.; Baldamus, J.; Hou, Z. J. Am. Chem. Soc. 2004, 126, 13910. 
(40) Li, X.; Hou, Z. Macromolecules 2005, 38, 6767. 
(41) Kaita, S.; Yamanaka, M.; Horiuchi, A. C.; Wakatsuki, Y. Macromolecules 2006, 39, 
1359. 
(42) Kaita, S.; Doi, Y.; Kaneko, K.; Horiuchi, A. C.; Wakatsuki, Y. Macromolecules 2004, 
37, 5860. 
(43) Zhang, L.; Suzuki, T.; Luo, Y.; Nishiura, M.; Hou, Z. Angew. Chem. Int. Ed. 2007, 46, 
1909. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 16
Allyl Complexes Supported by thf 
B. Results and Discussion. 
 
B.1. Neutral and Cationic Allyl Complexes Supported by thf.* 
 
B.1.1. Introduction. 
  
Compared to the number of reports on allyl complexes of the transition metals,1 examples of 
allyl complexes of the rare-earth metals remain scarce. 
Introduction of an allyl group in a metallocene-type complex was first reported with the 
scandium species [Sc(η5-C5H5)2(η3-C3H5)],2 followed soon after by the first f-block metals 
analogues.3 Systematic studies on anionic tetra(allyl) species [Li]+[Ln(η3-C3H5)4]– were then 
carried out,4 which led to the isolation of the first neutral derivatives of the type [Ln(η3-
C3H5)3(diox)n] [Ln = La, Nd] by Taube et al.5 A modified procedure for the access to 
neodymium tri(allyl) by using allyl Grignard was reported.6 Many reports continue to witness 
the difficulty to control the formation of well-defined neutral allyl complexes. Thus, bulky, 
bis-substituted allyl ligands such as [K{η3-C3H3(SiMe3)2-1,3}] do allow the access to neutral 
homoleptic species,7 but have also been shown to lead to mixtures of species or formation of 
anionic “ate” complexes.8 
With the less sterically demanding allyl fragment C3H5, salt inclusion affords complicated 
products upon reaction of the triiodide precursors with [Mg(CH2CH=CH2)Cl],9 whilst use of 
the trichloride instead was recently shown to afford the anticipated neutral tri(allyl) species.10 
Controled synthesis of mixed halide-allyl complexes is achieved by comproportionation 
between a tri(allyl) and a tri(halide),11 or by partial protonolysis of a tri(allyl) by 
[NMe3H]+[X]– (X = Cl, Br, I).12 Direct reaction between a tri(halide) and less than three 
equivalents of [Mg(CH2CH=CH2)Cl] leads to inclusion of salt in the final product.13 
In all cases, the nature of the rare-earth starting material [LnCl3, LnI3, Ln(OTf)3], as well as 
the steric requirements of the allyl group introduced seem to be of crucial importance. 
Until now, few examples of cationic species containing an allyl group have been reported (see 
Table B.1.1).6,14 In addition, for those compounds that have been first described, little 
information can be found about spectroscopic or structural characterisation.15 This is even 
more surprising in the light that cationic allylic compounds are thought to be active species in 
the catalysis of 1,3-butadiene polymerisation. 
                                                 
* Published part of this chapter: Robert, D.; Abinet, E.; Spaniol, T. P.; Okuda, J. manuscript in preparation. 
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In this chapter, the accessibility of homoleptic* and half-sandwich neutral and cationic allyl 
systems will be investigated. Their ability in 1,3-butadiene polymerisation catalysis is 
reported. 
 
Table B.1.1. Cationic allyl complexes of the rare-earth metals. 
 
Compound Characterisation Reference 
[La(η3-C3H5)2(thf)4]+[BPh4]– No data available 15 
[La(η3-C3H5)2(thf)4]+[B(C6F5)4]– X-ray 15 
[Nd(η3-C3H5)2(thf)4]+[BPh4]– No data available 15 
[Nd(η3-C3H5)2(thf)4]+[B(C6F5)4]– No data available 15 
[Nd(η3-C3H5)2(dme)4]+[B(C6F5)4]–  No data available 15 
[Nd(η3-C3H5)2(diox)4]+[B(C6F5)4]–  No data available 15 
[Nd(η3-C3H5)Cl(thf)5]+[BPh4]– X-ray, EA 6 
   
[Sc(η5-C5Me4SiMe3)(η3-C3H5)(η6-NMe2Ph)]+[B(C6F5)4]– X-ray, EA, 1H, 13C, 11B, 19F 14 
[Sc(η5-C5Me4SiMe3)(η3-C3H5)(η6-PhMe)]+[B(C6F5)4]– X-ray, EA, 1H, 13C, 11B, 19F 14 
[Sc(η5-C5Me4SiMe3)(η3-C3H5)]+[BPh4]– X-ray, EA, 1H, 13C, 11B 14 
[Sc(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[BPh4]– X-ray, EA, 1H, 13C, 11B 14 
[Sc(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]–  EA, 1H, 13C, 11B 14 
   
[Y(η3-C3H5)2(thf)3]+[BPh4]– (9) X-ray, EA, 1H this work 
[Y(η3-C3H5)2(thf)3]+[B(C6F5)4]– (12) EA, 1H, 13C, 11B, 19F this work 
[Y(η3-C3H5)2(thf)3]+[Al(η1-CH2CH=CH2)(CH2SiMe3)3]– (15) 1H, 13C, 27Al this work 
[Y(η3-C3H5)2(thf)3]+[B(η1-CH2CH=CH2)Ph3]– (16) EA, 1H, 13C, 11B this work 
[Y(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[BPh4]– (21) EA, 1H, 13C, 11B this work 
[Y(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]– (23) EA, 1H, 13C, 11B, 19F this work 
   
[La(η3-C3H5)2(thf)3]+[BPh4]– (10) X-ray, EA, 1H, 13C, 11B this work 
[La(η3-C3H5)2(thf)3]+[B(C6F5)4]– (13) EA, 1H, 13C, 11B, 19F this work 
[La(η3-C3H5)2(thf)3]+[B(η1-CH2CH=CH2)Ph3]– (17) EA, 1H, 13C, 11B this work 
[La(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[BPh4]– (22) X-ray, EA, 1H, 13C, 11B this work 
[La(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]– (24) EA, 1H, 13C, 11B, 19F this work 
[La(η3-C3H5)(thf)6]2+[BPh4]–2 (25) X-ray, EA, 1H, 13C, 11B this work 
   
[Nd(η3-C3H5)2(thf)3]+[BPh4]– (11) X-ray, EA, 1H, 13C, 11B this work 
[Nd(η3-C3H5)2(thf)3]+[B(C6F5)4]– (14) EA, 1H, 13C, 11B, 19F this work 
[Nd(η3-C3H5)(thf)6]2+[BPh4]–2 (26) EA, 1H, 13C, 11B this work 
                                                 
* “homoleptic” refers to species only containing the same type of X ligands, regardless of the neutral donor 
molecules. 
 18 
 
Allyl Complexes Supported by thf 
B.1.2. Results and Discussion. 
 
B.1.2.1. Neutral Homoleptic Tri(allyl) Precursors. 
 
Reaction of the rare-earth trichloride LnCl3 (Ln = Y, La, Nd) with three equivalents of 
[Mg(CH2CH=CH2)Cl] in a 4:1 mixture of thf and dioxane affords the desired tri(allyl) 
compounds [Ln(η3-C3H5)3(diox)] [Ln = Y (1), La (2), Nd (3)].10 Recrystallisation from a 
mixture of dioxane and toluene was required to obtain completely Cl–-free materials. These 
neutral species display in their 1H NMR spectra in thf-d8 at room temperature either two 
peaks (Ln = Y; syn and anti protons equivalent on the NMR timescale; coalescence at 
–48 °C; see Scheme B.1.1), two or three peaks (Ln = La; coalescence temperature between 25 
and 26 °C) or three signals (Ln = Nd; slow exchange of the syn and anti protons on the NMR 
timescale; coalescence over 60 °C). 
 
Scheme B.1.1. 
 
Hanti Hanti
Hmethine
[Ln]
 
Hsyn Hsyn 
 
 
 
Spectroscopic data of neodymium allyl complexes are scarce, as usually only elemental 
analyses are carried out for paramagnetic species. It appears however that 1H NMR data are 
easily accessible for neutral as well as cationic (vide infra) neodymium species. Thus, the 1H 
NMR spectrum of 3 in thf-d8 shows two broad resonances at –15.48 (anti) and –2.22 (syn) 
ppm, as well as a broad peak for the methine protons at 0.17 ppm. 
If solid [K(η3-C3H5)] (4) instead of [Mg(CH2CH=CH2)Cl] is reacted in pure thf with LnCl3 
(Ln = Y, La), solids containing high amounts of chloride (as KCl certainly) are isolated. The 
yttrium species thus obtained displays exactly the same spectroscopic data as compound 1. In 
the case of the lanthanum analogue however, the Cl–-polluted species displays at room 
temperature an AX4 pattern, similar to that of compound 1. Only in this case fast exchange of 
the syn and anti positions in a lanthanum species was observed at room temperature. The 
additional electron donation by the chloride anions to the lanthanum centre is supposed to 
weaken the bonding of the allyl groups to allow fast η3–η1–η3 interconversion. 
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B.1.2.2. Anionic Tetra(allyl) Complexes. 
 
Reaction of LnCl3 (Ln = Y, La) with four equivalents of [K(η3-C3H5)] in thf affords the 
corresponding anionic tetra(allyl) complexes [K]+[Ln(η3-C3H5)4]– [Ln = Y (5), La (6)] in 
excellent yield as Cl–-free material (see Scheme B.1.2). 
 
Scheme B.1.2. 
 
 LnCl3  + 4 [K(η3-C3H5)] [K]+[Ln(η3-C3H5)4]–
Ln = Y (5)
Ln = La (6)
thf
- KCl  
 
 
Compound 5, as its neutral homoleptic analogue 1, displays an AX4 pattern in its 1H NMR 
spectrum at room temperature. On the contrary, compound 6 shows three distinct signals 
consistent with a blocked fluxionality of the allyl groups. 
 
B.1.2.3. Neutral Half-Sandwich Bis(allyl) Complexes. 
 
When the neutral precursors [Ln(η3-C3H5)3(diox)] are reacted in thf with a stoichiometric 
amount of HC5Me4SiMe3, clean formation of the corresponding half-sandwich complexes 
[Ln(η5-C5Me4SiMe3)(η3-C3H5)2(thf)] [Ln = Y (7), La (8)] with elimination of propene takes 
place (see Scheme B.1.3). The coordinated dioxane molecule is displaced by thf. The yttrium 
derivative was found to be well soluble in hydrocarbons, where the lanthanum analogue is 
only sparingly soluble. 
 
Scheme B.1.3. 
 
[Ln(η3-C3H5)3(diox)]  +  HC5Me4SiMe3 [Ln(η5-C5Me4SiMe3)(η3-C3H5)2(thf)]
Ln = Y (7)
Ln = La (8)
thf
– diox
– C3H6
 
 
The two compounds 7 and 8 display different 1H NMR spectra in thf-d8: only two signals are 
observed for the allyl group in the yttrium species, consistant with a fast exchange on the 
NMR timescale of the syn and anti protons via η3–η1–η3 rearrangement (see Scheme B.1.4). 
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In the case of the lanthanum species however, the syn and anti protons give rise to two 
distinct but broad signals that coalesce at 26 °C (∆Gc‡ = 14.4 kcal.mol–1). In thf-d8, only a 
negligible high-field shift of the two allylic signals is observed between the homoleptic 
complexes 1 and 2 and the half-sandwich complexes 7 and 8. 
 
Scheme B.1.4. 
Hs1
 
 
The syn/anti exchange mechanism depicted in Scheme B.1.4 typically involves the following 
equilibria: i) η3→η1 bonding mode switch, ii) rotation about the C–C bond, and iii) η1→η3 
bonding mode switch.16 
The 1H NMR spectrum of 7 in benzene-d6 is shown in Figure B.1.1. A quintet at 6.57 ppm 
and a doublet at 3.01 ppm are observed for the methine proton and the equivalent syn and anti 
protons respectively. No coupling to the yttrium centre was observed in 7. The terminal 
carbon atoms give rise to a broad signal approximatively centered at 64 ppm, evidencing the 
fluxional behaviour of the allyl fragment. 
In benzene-d6, the 1H NMR spectrum of 8 displays two partially overlapping broad signals for 
the syn and anti protons, the corresponding signal in the 13C NMR being accordingly broad 
(∆ν1/2 = 41 Hz). This is consistent with a rather slow exchange of the syn and anti positions in 
this complex at room temperature on the NMR timescale, as was already observed in the 
neutral tri(allyl) complex 2.  
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Figure B.1.1. 1H NMR spectrum of [Y(η5-C5Me4SiMe3)(η3-C3H5)2(thf)] (7) in benzene-d6 (*) at 25 °C. 
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Y
thf
SiMe3
β-thf α-thf
SiMe3
C5Me4
CH2CHCH2
CH2CHCH2 
 * 
 
 
B.1.2.4. Monocationic Bis(allyl) Complexes. 
 
Monocationic Bis(allyl) Complexes with the Anion [B(C6X5)4]– (X = H, F). 
 
Upon treatment with one equivalent of [NEt3H]+[BPh4]–, the homoleptic tri(allyl) complexes 
1–3 quickly undergo clean protonolysis to afford the monocationic species  
[Ln(η3-C3H5)2(thf)3]+[BPh4]– [Ln = Y (9), La (10), Nd (11)] in high yield (see Scheme B.1.5). 
In contrast to other thf-supported monocationic species which are usually thf-soluble (cf 
[Y(CH2SiMe3)2(thf)4]+[BPh4]–,17 [YMe2(thf)5]+[BPh4]–,18 or [Y(BH4)2(thf)5]+[BPh4]– 19), 
compound 9 was unexpectedly found to be almost insoluble in thf, which precluded further 
investigations on its reactivity. Moreover, dissolution in pyridine-d5 resulted in instantaneous 
and violent C-D bond activation. The lanthanum and neodymium analogues 10 and 11 were 
well soluble in thf, but react identically to 6 with pyridine. 
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Scheme B.1.5. 
 
 [Ln(η3-C3H5)3(diox)]  +  [NEt3H]+[BPh4]– [Ln(η3-C3H5)2(thf)3]+[BPh4]–
Ln = Y (9)
Ln = La (10)
Ln = Nd (11)
thf
– C3H6
– NEt3  
 
 
 
In order to render the monocations 9–11 toluene soluble for further use in polymerisation 
catalysis, the tetraphenylborate anion [BPh4]– was replaced by its perfluorinated analogue 
[B(C6F5)4]– by using [NMe2PhH]+[B(C6F5)4]– as acid (see Scheme B.1.6). Thus, the ion-pairs 
[Ln(η3-C3H5)2(thf)3]+[B(C6F5)4]– [Ln = Y (12), La (13), Nd (14)] were obtained in 
quantitative yield as highly thf- and toluene-soluble species. 
 
Scheme B.1.6. 
[Ln(η3-C3H5)3(diox)]  +  [NMe2PhH]+[B(C6F5)4]– [Ln(η3-C3H5)2(thf)3]+[B(C6F5)4]–
Ln = Y (12)
Ln = La (13)
Ln = Nd (14)
thf
– C3H6
– NMe2Ph
  
Whilst the 1H NMR spectra of the perfluorinated yttrium species 12 in thf-d8 resembles that of 
its neutral parent 1, marked differences are observed between spectroscopic data of 10 or 13 
and 2. From almost equivalent in 2 (Tc ≈ 26 °C), the syn and anti protons give rise to two 
separate broad signals in both lanthanum monocations. A stronger bonding of the remaining 
allyl ligands in the cationic species, thus hindering their typical η3–η1–η3 fluxionality, results 
in a slowed-down exchange that makes the syn and anti protons clearly different on the NMR 
timescale. 
The neodymium cationic species display remarkably high-field chemical shifts for the allylic 
protons, with resonances for the anti and syn protons found at –22.81 ppm and –5.12 ppm 
respectively. The methine protons give rise to a broad signal at 0.33 ppm. No 13C NMR signal 
could be observed for the allyl groups in cationic neodymium species. 
Diffraction quality crystals of 9 were grown overnight by layering a cold thf solution of 1 
with a thf solution of one equivalent of [NEt3H]+[BPh4]–. The cationic part of the compound 
is shown in Figure B.1.2. The structure revealed a formally five-coordinate yttrium centre best 
described as a distorted trigonal bipyramid, with two allyl groups and one thf molecule in the 
equatorial plane, and two axial thf molecules completing the structure. 
 23 
 
Allyl Complexes Supported by thf 
Figure B.1.2. ORTEP view of the cationic part of [Y(η3-C3H5)2(thf)3]+[BPh4]– (9). Displacement ellipsoids 
drawn at the 30% probability level. Only selected hydrogen atoms (refined in their positions) shown. 
Selected bond angles (Å) and angles (°): Y–O1 2.3179(16), Y–O2 2.3452(17), Y–O3 2.3457(16), Y–
C1 2.617(3), Y–C2 2.598(3), Y–C3 2.515(3), Y–C4 2.584(3), Y–C5 2.608(3), Y–C6 2.593(3), C1–C2 
1.371(4), C2–C3 1.382(4), C4–C5 1.379(4), C5–C6 1.381(4); O2–Y–O3 161.92(6), O1–Y–C2 
110.14(8), C2–Y–C5 138.29(10), C5–Y–O1 111.52(8), C1–C2–C3 126.2(3), C4–C5–C6 126.3(3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Y–Callyl bond lengths with one allyl group (C4–C5–C6) show consistent values [2.584(3), 
2.608(3) and 2.593(3) Å], confirming delocalisation of the negative charge over the C4–C5–
C6 skeleton and η3 bonding, with similar C–C bond lengths [1.379(4) Å and 1.381(4) Å]. In 
the other allyl ligand, however, only two Y–C bonds are found in the same range of lengths 
[Y–C1: 2.617(3) Å and Y–C2: 2.598(3) Å], whilst the third one (Y–C3) is shorter by more 
than 0.1 Å at 2.515(3) Å. Accordingly, the C–C bond lengths within this ligand are non 
equivalent: C1–C2 [1.371(4) Å] and C2–C3 [1.382(4) Å] are respectively the shortest and the 
longest Callyl–Callyl bonds in 9. This reflects an increase in the sp2 character of C1 and C2 and 
sp3 character of C3. An increased contribution of the η1-bound form [Y(η1-C3H2–C2H=C1H2)] 
(i.e., a polarisation of the allyl fragment) over the classical delocalised η3-structure in this 
allyl group is assumed to be the reason of these differences (see Scheme B.1.7). 
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Scheme B.1.7. Schematic representation of the allylic groups in 9. 
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A net shortening of the Y–Callyl bonds expressing a stronger bonding of the allyl groups is 
seen in 9 (mean 2.586 Å, σ = 0.033) compared to the values observed in its neutral parent 1 
(mean 2.656 Å, σ = 0.014).10 The central carbon atoms in the two allyl ligands and the 
oxygen atom of the thf molecule of the base plane around the yttrium centre are almost 
perfectly coplanar, with the sum of angles around the yttrium centre being 359.95°. The bulk 
of the two allyl groups results in a strong deviation from linearity of O2–Y–O3 [161.92(6)°]. 
Values much closer to 180° can be found for instance in trans-[YMe2(thf)5]+[BPh4]– [C–Y–C 
= 174.04(8)°]18 or [YMe(thf)6]2+[BPh4]–2 [C–Y–O = 176.5(1)°]17 where only identical ligands 
occupy the equatorial plane of the structure. The Y–O bond distances do not present any 
particular deviation from values usually observed. 
The lanthanum analogue 10, isolated as the tris(thf) adduct [La(η3-C3H5)2(thf)3]+[BPh4]–, can 
be recrystallised from a saturated thf solution at –40 °C. A fourth molecule of thf is 
incorporated upon recystallisation, leading to a compound of molecular formula  
[La(η3-C3H5)2(thf)4]+[BPh4]– (10’) (see Figure B.1.3). 
Two crystallographically independent sets of ion-pairs are found in the unit cell, with the two 
cationic moieties being non equivalent. The metal centre adopts a strongly distorted 
octahedral geometry in the solid state, with the two allyl groups cis-arranged, each one of 
them facing a thf molecule in the basal plane of the molecule. The two additional thf 
molecules occupying the axial positions are pushed away from the allyl groups, forming with 
the lanthanum centre an angle of 139.89(9)°. The sum of the angles sustained by O1, O2, C2 
and C5 around the lanthanum centre is 359.74°. 
The La–C bond lengths in 10’ (2.750 Å mean) are found shorter than in the neutral parent 2 
(2.795 Å mean),5a which is consistent with the cationic nature of the lanthanum centre in 10, 
and therefore its increased Lewis acidity. 
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Figure B.1.3. ORTEP view of the cationic part of one of the two independent sets of ion-pairs in  
[La(η3-C3H5)2(thf)4]+[BPh4]– (10’). Displacement ellipsoids drawn at the 30% probability level. Only 
selected hydrogen atoms (refined in their positions) shown. Selected bond lengths (Å) and angles (°): 
La1–O1 2.644(3), La1–O2 2.615(3), La1–O3 2.555(3), La1–O4 2.525(2), La1–C1 2.778(4), La1–C2 
2.765(4), La1–C3 2.701(4), La1–C4 2.745(4), La1–C5 2.803(4), La1–C6 2.763(5), C1–C2 1.360(6), 
C2–C3 1.376(6), C4–C5 1.377(6), C5–C6 1.369(6); O1–La1–C2 164.68(11), O2–La1–C5 176.39(11), 
O3–La1–O4 139.89(9), C1–C2–C3 126.6(4), C4–C5–C6 127.3(5). 
 
 
 
 
 
 
 
 
 
A striking difference between 9 and 10’ is the arrangement of the allyl groups in the 
equatorial plane of the molecule. From parallel to the plane in the yttrium compound, they 
take place perpendicularly to the equatorial plane of the structure, thus inducing the smaller 
Oaxial–Ln–Oaxial angle observed in 10’. Moreover, the arrangement of the allyl groups differs 
between the two independent molecules (see Figure B.1.4). One cation displays paddle-wheel 
arranged allyl groups (also shown in Figure B.1.3), whilst the two allyl fragments face each 
other in a pincer-like fashion in the second ion-pair.  
Similar procedure allowed the isolation of diffraction quality crystals of the neodymium 
analogue 11, where coordination of an additional thf molecule upon recrystallisation was also 
observed. The neodymium compound adopts the same configuration as its lanthanum 
analogue in the solid state. Like in 10’, the two independent sets of ion-pairs display a 
different arrangement of the two allyl groups. The cation in which the two allyl groups are in 
a pincer- like fashion is shown in Figure B.1.5. With 2.706 Å on average, the Nd–C bond 
lengths are shorter than those in the tri(allyl) 3.5a They are also found to be shorter than in the 
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cationic species [Nd(η3-C3H5)Cl(thf)5]+[BPh4]–, where an average length of 2.727 Å was 
observed. In this compound however, the allyl and the chloride ligands are trans-arranged 
[Cl–Nd–Cmethine = 169.3(1)°] in a regular pentagonal bipyramid.6  
 
Figure B.1.4. ORTEP view of the coordination geometry of the allyl groups in the two independent sets 
of ion-pairs in [La(η3-C3H5)2(thf)3]+[BPh4]– (10’) showing the paddle-wheel (left) and pincer-like (right) 
arrangement of the allyl groups. Displacement ellipsoids drawn at the 30% probability level. Hydrogen 
atoms omitted for clarity. Selected angles (°): C2–La1–C5 96.99(13), C51–La2–C48 112.96(18). 
 
 
 
 
 
 
 
Figure B.1.5. ORTEP view of the cationic part of one of the two independent sets of ion-pairs in  
[Nd(η3-C3H5)2(thf)4]+[BPh4]– (11’). Displacement ellipsoids drawn at the 30% probability level. 
Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Nd2–O5 2.533(11), 
Nd2–O6 2.533(11), Nd2–O7 2.524(10), Nd2–O8 2.529(10), Nd2–C47 2.695(17), Nd2–C48 2.753(16), 
Nd2–C49 2.711(16), Nd2–C50 2.672(18), Nd2–C51 2.694(18), Nd2–C52 2.716(17), C47–C48 1.36(2), 
C48–C49 1.37(2), C50–C51 1.42(3), C51–C52 1.36(3); O5–Nd2–C48 160.5(5), O6–Nd2–C51 
163.8(5), O7–Nd2–O8 142.4(3), C47–C48–C49 128.4(18), C50–C51–C52 121.9(18). 
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Monocationic Bis(allyl) Complexes with the Anion [Al(η1-CH2CH=CH2)(CH2SiMe3)3]–. 
 
An efficient method for the formation of cationic species is the abstraction of an alkyl group 
by a Lewis acid. Commonly used species include the tri(phenyl) boranes [BPh3] and 
[B(C6F5)3]; tris(trimethylsilylmethyl) aluminium [Al(CH2SiMe3)3] was also shown to 
efficiently induce the formation of cationic species of the type 
[Y(CH2SiMe3)2(thf)4]+[Al(CH2SiMe3)4]–.17  
Reaction of the tri(allyl) precursor [Y(η3-C3H5)3(diox)] with one equivalent of 
[Al(CH2SiMe3)3] in thf leads to immediate and quantitative formation of the ion-pair  
[Y(η3-C3H5)2(thf)3]+[Al(η1-CH2CH=CH2)(CH2SiMe3)3]– (15) (see Equation B.1.1). It is 
noteworthy that the abstracted allyl group switches from an η3-coordination mode in 1 to an 
η1-bonding mode at the aluminium centre in 15, as indicated by the three typical low-field 
olefinic signals observed in the 1H NMR spectrum for the vinylic protons of the fragment 
[CH=CH2] (see Figure B.1.7). The multiplet arising from Hδ partially overlaps with the 
regular quintet of the methine protons of the allyl group in the cationic fragment of 15. The 
methylenic protons of both the allyl and the alkyl groups bound to the aluminium display a 
broad signal. Indeed, highly symmetrical environments around the metal centre are generally 
required to observe coupling to nuclei with strong quadrupolar moment. 
 
Equation B.1.1. 
 
[Y(η3-C3H5)3(diox)]
[Y(η3-C3H5)2(thf)3]+[Al(η1-CH2CH=CH2)(CH2SiMe3)3]–thf– diox
15+  [Al(CH2SiMe3)3]
 
Compound 15 displays similar 1H NMR spectra in thf-d8 and benzene-d6, thus confirming the 
existence of a unique species in solution regardless of the solvent. This is in strong contrast 
with the cationic species [Y(CH2SiMe3)2(thf)4]+[E(CH2SiMe3)4]– (E = Al, Ga, In) which were 
found to exist as such only in polar donating solvents and to recombine to the neutral 
precursors [Y(CH2SiMe3)3(thf)2] and [E(CH2SiMe3)3(thf)] when dissolved in aromatic 
solvents.20 This shows the ability of allyl groups to sterically and electronically saturate the 
yttrium centre. 
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Figure B.1.7. 1H NMR spectrum of the in situ formed [Y(η3-C3H5)2(thf)3]+[Al(η1-CH2CH=CH2) 
(CH2SiMe3)3]– (15) in thf-d8 (*) at 25 °C; § denotes dioxane. 
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Monocationic Bis(allyl) Complexes with the Anion [B(η1-CH2CH=CH2)Ph3]–. 
 
Reaction of one equivalent of tri(phenyl) boron with the tri(allyl) 1 or 2 in thf leads to clean 
formation of the ion-pair [Ln(η3-C3H5)2(thf)3]+[B(η1-CH2CH=CH2)Ph3]– [(Ln = Y (16), La 
(17)] within a few minutes (see Scheme B.1.8). The products are moderately soluble in thf 
and can be isolated as microcrystalline solids. 
 
Scheme B.1.8. 
 
 [Ln(η3-C3H5)3(diox)]
[Ln(η3-C3H5)2(thf)3]+[B(η1-CH2CH=CH2)Ph3]–thf– diox
+  [BPh3] Ln = Y (16)
Ln = La (17)
 
 
 
The 1H NMR spectrum of 16 and 17 resemble that of 15, and display both four signals for the 
abstracted allyl group, the methylenic protons appearing as a broad signal at 1.90 ppm. In 
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addition to the typical 1:1:1:1 quartet usually observed in the 13C NMR spectrum for the ipso 
carbons at the phenyl rings (δ = 166.1 ppm; 1JBC = 49.4 Hz), the carbon atom of the ally group 
directly bound to the boron centre gives rise to a second quartet at 36.7 ppm with a coupling 
constant 1JBC = 38.2 Hz in 16 (see Figure B.1.8).17b,21 This further confirms that the allyl 
ligand is bound in an η1-fashion to the boron. 
 
Figure B.1.8. Selected parts of the 13C{1H} [left (iC at the phenyl groups) and middle (C1 of the allyl 
group)] and 1H [right (protons attached to the carbon C1)] NMR spectra of 16 in thf-d8. Chemical shifts 
in ppm. 
 
    168      167      166                      39       38       37       36                2.0                 1.9 
 
 
 
 
 
B.1.2.5. Mixed Alkyl-Allyl Monocationic Complexes.  
 
Reaction of the dicationic precursor [YMe(thf)6]2+[BPh4]–2 with a stoichiometric amount of 
allylpotassium 4 in thf affords rapidly the desired mixed species  
[YMe(η3-C3H5)(thf)4]+[BPh4]– (18) with elimination of [K(BPh4)] (see Scheme B.1.9). 
 
Scheme B.1.9. 
 
 
[YMe(thf)6]2+[BPh4]–2  +  [K(η3-C3H5)] [YMe(η3-C3H5)(thf)4]+[BPh4]–thf– [K(BPh4)]
+  {KOtBu / nBuLi}
thf – 
nBuH
– LiOtBu
184
 
 
 
 
 
 
The 1H NMR spectrum of 18 displays one quintet of doublets for the methine proton (3JHH = 
12.6 Hz; 2JYH = 1.5 Hz), a doublet for the methyl group (2JYH = 2.3 Hz) as well as two 
partially overlaping doublets for the syn and anti protons (3JHH = 12.6 Hz). Repeated 
recrystallisation attempts were unsuccessful. 
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The poor solubility of the methyl dicationic species in thf combined with the very high 
solubility of [K(η3-C3H5)] may lead to a difficult control of the stoichiometry between the 
species in solution. To address this problem, the highly thf-soluble perfluorinated methyl 
dication [YMe(thf)6]2+[B(C6F5)4]–2 (19) was synthesised from the homoleptic yttrium 
aluminate.22 
In thf-d8, the doublet for the methyl group in 19 appears at –0.44 ppm with a coupling 
constant 2JYH = 2.3 Hz, compared to –0.60 ppm and 2.0 Hz for [YMe(thf)6]2+[BPh4]–2, 
expressing the influence of the anionic part of the complex despite the charge separated nature 
of the ions in these species. 
NMR spectroscopic investigations of the reaction of 19 with one equivalent of [K(η3-C3H5)] 
in thf-d8 confirmed the formation of the ion-pair [YMe(η3-C3H5)(thf)4]+[B(C6F5)4]–2 (20), but 
additional signals were observed that could not be attributed (see Scheme B.1.10). The 1H 
NMR spectrum of 20 displays a doublet at –0.87 ppm for the methyl group (2JYH = 2.3 Hz) 
and two signals for the allyl moiety: a doublet for the syn and anti protons (coupling with the 
methine proton; 3JHH = 12.6 Hz) and a quintet of doublets for the methine proton coupling 
with the four equivalent syn and anti protons (3JHH = 12.6 Hz) and the yttrium centre (2JYH = 
1.2 Hz). Separation of the target complex from the highly thf-soluble salt [K{B(C6F5)4}] 
appeared impossible. 
 
Scheme B.1.10. 
 
 [Y{(µ-Me)2(AlMe2)}3] [YMe(thf)6]2+[B(C6F5)4]–2
thf
– CH4
– AlMe3
– NMe2Ph
+  2 [NMe2PhH][B(C6F5)4]
[YMe(η3-C3H5)(thf)4]+[B(C6F5)4]–
thf – [KB(C6F5)4]
+ [K(η3-C3H5)]
19
20
 
 
 
 
 
 
 
To circumvent this problem, a different approach to mixed alkyl-allyl species was studied, the 
target cationic complexes being generated by alkane elimination rather than by salt 
elimination. The already reported monocationic yttrium di(methyl) complex 
[YMe2(thf)5]+[BPh4]– (conveniently obtained by reaction of [Y{(µ-Me)2(AlMe2)}3] with 
[NEt3H]+[BPh4]– in a 1:0.95 ratio in thf),18 when treated in thf with one equivalent of  
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[K(η3-C3H5)], undergoes [K(BPh4)] elimination, as evidenced by the large amount of thf-
insoluble, air-stable, white material produced by the reaction. However, decomposition of the 
supposed neutral allyl-di(methyl) species [YMe2(η3-C3H5)(thf)x] upon drying at room 
temperature takes place within a few minutes. No data could be obtained that would confirm 
the formation of the desired mixed alkyl-allyl species. 
  
B.1.2.6. Monocationic Half-Sandwich Allyl Complexes. 
 
Cationic half-sandwich alkyl complexes of the rare-earth metals are still uncommon, 
eventhough recent years have seen a raise in interest for this family of compounds.14,23  
As shown in Scheme B.1.11, cationic half-sandwich complexes containing an allyl ligand are 
easily accessible via alkene elimination using either [NEt3H]+[BPh4]– or 
[NMe2PhH]+[B(C6F5)4]–. Using the former acid affords the sparingly thf-soluble ion-pairs 
[Ln(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[BPh4]– [Ln = Y (21), La (22)], whilst the latter 
quantitatively yields the toluene-soluble perfluorinated analogues  
[Ln(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]– [Ln = Y (23), La (24)]. 
 
Scheme B.1.11. 
[Ln(η5-C5Me4SiMe3)(η3-C3H5)2(thf)]
Ln = Y (21)
Ln = La (22)
[Ln(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[BPh4]–
+  [NEt3H]+[BPh4]–
thf
– C3H6
– NEt3
 
[Ln(η5-C5Me4SiMe3)(η3-C3H5)2(thf)]
Ln = Y (23)
Ln = La (24)
[Ln(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]–
+  [NMe2PhH]+[B(C6F5)4]–
thf
– C3H6
– NMe2Ph
 
On the contrary to the monocationic bis(allyl) species 9 and 12, where no coupling to the 
yttrium centre can be seen, 21 and 23 both display a quintet of doublets for the methine proton 
of the remaining allyl group, with weak coupling to yttrium constants 2JYH = 1.5 Hz and 2JYH 
= 1.3 Hz respectively. As for all other yttrium allylic systems reported in this chapter, 
equivalence of the syn and anti protons was observed. 
The lanthanum analogues 22 and 24 display a typical pattern of three signals for the allyl 
groups for the methine, syn and anti protons. The steric bulk and the electronic density 
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h coordination of a fourth 
 B.1.9. ORTEP view of the cationic part of one of the two independent sets of ion-pairs in  
a(η5-C5Me4SiMe3)(η3-C3H5)(thf)3]+[BPh4]– (22). Displacement ellipsoids drawn at the 30% probability 
brought by the cyclopentadienyl ring appear not to be sufficient to loosen the bonding of the 
remaining allyl fragment at the lanthanum centre and allow quick interconversion of the η1- 
and η3-bound forms on the NMR timescale at room temperature. 
Diffraction quality crystals of 22 could be obtained from a saturated thf solution at –40 °C. As 
in the case of the bis(allyl) monocations 10 and 11 for whic
molecule of thf was observed upon recrystallisation, the isolated  
[La(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[BPh4]– coordinates a third equivalent of thf in the solid 
state to give a compound of formula [La(η5-C5Me4SiMe3)(η3-C3H5)(thf)3]+[BPh4]–. The 
structure revealed a formally five-coordinate metal centre best described as a distorted square 
pyramid. Three thf molecules and the allyl group form the base of the structure, whilst the 
centroid of the cyclopentadienyl ligand occupies the axial position (see Figure B.1.9). All four 
atoms O1, O2, O3 and C3 are found below the horizontal plane of the molecule, the average 
Cpcent–La–L angle [L = O (thf), C2 (allyl)] being 107.23°. Noticeable variations in  
La–Callyl and Callyl–Callyl bond lengths are observed in 22, suggesting some degree of η1-
bonding in the allyl group, probably as a result of the trans-effect of the cyclopentadienyl 
ring. 
 
Figure
[L
level. Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): La–C1 2.816(5), 
La–C2 2.808(5), La–C3 2.656(5), La–Cpcent 2.524, La–O1 2.556(3), La–O2 2.554(3), La–O3 2.573(3), 
C1–C2 1.350(7), C2–C3 1.388(7); C1–C2–C3 125.4(6). 
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B.1.2.7. Dicationic Allyl Complexes. 
omplex 9 was found to be insoluble in thf, and thus 
revented attempts to access the dicationic complex. Reaction of its perfluorinated analogue 
h two 
 
 
–D bonds of the pyridine, or the dicationic methyl complexes [LnMe(thf)6]2+[BPh4]–2 for 
3 x)]  +  2 [NEt3H]+[BPh4]–
 
The monocationic bis(allyl) yttrium c
p
12 with one additional equivalent of the acid [NMe2PhH]+[B(C6F5)4]– as well as direct 
reaction of the neutral parent 1 with two equivalents of the same acid only afforded mixtures 
of species. Two sets of allylic signals (a quintet of doublets and a doublet) were observed in a 
1:3 ratio in the 1H NMR spectrum in thf-d8: {6.77 ppm and 3.16 ppm} and {6.37 ppm and 
2.94 ppm}. Recrystallisation of the supposed dicationic species from a thf/pentane mixture 
afforded large needles showing mainly the resonances at 6.77 ppm and 3.16 ppm (66 %), 
whilst the solution was found to mostly consist of the other component of the mixture. 
Generation of dicationic species could be easily carried out in thf at room temperature with 
either the neutral lanthanum and neodymium tri(allyl) precursors 2 and 3 (wit
equivalents of [NEt3H]+[BPh4]–) or the monocationic lanthanum and neodymium bis(allyl) 
species 10 and 11 (with one equivalent of [NEt3H]+[BPh4]–) to cleanly yield the dicationic 
mono(allyl) species [Ln(η3-C3H5)(thf)6]2+[BPh4]–2 [Ln = La (25), Nd (26)] as thf-insoluble 
microcrystalline solids (see Scheme B.1.12). The 1H NMR spectra of 26 in pyridine-d5 is 
shown in Figure B.1.10. 
 
Scheme B.1.12. 
[Ln(η -C3H5)3(dio [Ln(η3-C3H5)(thf)6]2+[BPh4]–2
Ln = La (25)
Ln = Nd (26)
thf
– C3H6
– NEt3
[Ln(η3-C3H5)2(thf)3]+[BPh4]– +  1 [NEt3H]
+[BPh4]–, thf
– C3H6
– NEt3
 
 
 
 
 
In contrast to the monocationic derivatives 9–14 which were found to instantaneously activate 
C
which the rate of activation of pyridine was found to be related to the size of the metal 
centre,24 no trace of decomposition could be detected for 25 and 26 after one day at room 
temperature. The delocalisation of the negative charge over the C–C–C skeleton of the allyl 
fragment together with the dicationic nature of complexes 25 and 26 (i.e., the Lewis acidity of 
the metal centres in these compounds) must enhance the resistance of the remaining allyl 
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group against C–H bond activation. The allyl group can be seen as an intermediate between a 
simple alkyl group and a cyclopentadienyl ligand. Indeed, it has been already shown that 
dicationic derivatives of the type [Ln(η5-C5Me4SiMe3)(thf)4]2+[BPh4]–2 [Ln = Y, La, Nd, Sm, 
Lu] were unreactive towards pyridine.25 
 
Figure B.1.10. 1H NMR spectrum of [Nd(η3-C3H5)(thf)6]2+[BPh4]–2 (26) in pyridine-d5 (*) at 25 °C. 
rystals of compound 25 suitable for X-ray diffraction analysis could be obtained from a 
f/pentane mixture at –40 °C. Although the structure was highly disordered, the composition 
a(CH2C6H4Me-4)(thf)6]2+[BPh4]–2,26 or the methyl 
 methine     syn 
 
 
22 20 18 16 14 12 10 8 6 4 2 0 -2 -4
C
th
and connectivity of the product were unequivocally established. The solid state structure of 25 
shows a pentagonal bipyramidal geometry around the lanthanum centre with the allyl group in 
the apical position (see Figure B.1.11).  
This type of structure has already been observed for dicationic derivatives of the rare-earth 
metals, like the benzyl compound [L
species [LnMe(thf)6]2+[BPh4]–2 (Ln = Y, Dy, Ho).18,24b However, the geometry of the structure 
contrasts with the distorted capped octahedral geometry adopted by the dicationic methyl 
complex [LnMe(thf)6]2+[B(C6H4F)4]–2 (Ln = La, Sm).27 The respective steric and electronic 
0
     anti 
*
*
*
Nd
thfthf
thf
thf thf
thf
2+
2
BPh4
20 15
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ment 
llipsoids drawn at the 30% probability level. Hydrogen atoms omitted for clarity. 
cheme B.1.13. Relation nd, the ionic radius of 
e metal and the solid state structure in the dicationic species [La(η3-C3H5)(thf)6]2+[BPh4]–2 (25), 
features of the allyl and methyl groups are responsible for the nature of the structure observed 
for [LaMe(thf)6]2+[B(C6H4F)4]–2 and [La(η3-C3H5)(thf)6]2+[BPh4]–2 and illustrate how these 
highly unsaturated species arrange to maximise the shielding of the metal centre by the 
ligands and reduce the ligand–ligand interactions in the solid state (see Scheme B.1.13). 
 
Figure B.1.11. ORTEP view of the cationic part of [La(η3-C3H5)(thf)6]2+[BPh4]–2 (25). Displace
e
 
 
 
 
 
 
 
 
 
 
 
 
 
S ship between the steric/electronic features of the liga
th
[LaMe(thf)6]2+[B(C6H4F)4]–2,24b  and [GdMe(thf)6]2+[BPh4]–2.24b 
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thf
thfthf
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B.1.2.8. 1,3-Butadiene Polymerisation. 
The monocationic bis(allyl) complexes with the perfluorinated tetraphenylborate anion 
[Ln(η3-C3H5)2(thf)3]+[B(C6F5)4]– [Ln = Y (12), La (13), Nd (14)] as well as the monocationic 
half-sandwich allyl complexes [Ln(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]– [Ln = Y 
(23), La (24)] were tested for the polymerisation of 1,3-butadiene in the presence of five 
equivalents of tiba (see Table B.1.2). 
The presence of tiba in the catalytic mixture was found to be crucial, none of the complexes 
being active at all otherwise (runs 2–4).28 No conversion was observed with TIBA alone as 
catalyst (run 1). 
The yttrium complex 12 was unexpectedely found to be more active than its lanthanum or 
neodymium analogues. Whilst a high degree of conversion is obtained with 12 (85%; run 5), 
poor conversions are noted with 13 (8%; run 8) and 14 (17%; run 11). 
Whilst 12 gives the highest stereoselectivity with almost 90% of 1,4-cis polybutadiene (cf 
32.7% for 13 and 75.4% for 14), the polydispersity index (PDI) is also the largest with 2.87 
(cf 1.08 for 13 and 1.69 for 14). 
Both half-sandwich complexes 23 and 24 give polybutadiene with narrow polydispersities 
(1.19, run 6 and 1.06, run 9), but here again, the lanthanum system 24 showed poor activity 
compared to the yttrium analogue 23 (13% conversion against >99%). 
Addition of one equivalent of [NMe2PhH]+[B(C6F5)4]– (AB) to the monocationic species, 
assuming the formation of the corresponding dicationic derivative, leads to a significant 
increase in reactivity for the yttrium based system 12/AB (run 7), where quantitative yields 
can be obtained. In contrast, the lanthanum and neodymium systems 13/AB and 14/AB were 
found hardly more active than the monocationic systems 13 and 14 (run 10 and 12, 
respectively). A strong increase in control (PDI down from 1.69 to 1.14), together with an 
improved stereocontrol (+ 10.8 % 1,4-cis content) were however observed for the neodymium 
system 14/AB compared to 14. 
Especially interesting is the switch in stereoselectivity between the lanthanum monocation 13 
(63.3 % 1,4-trans PB; run 8) and dicationic species (80.5 % 1,4-cis PB; run 10), coupled with 
a great decrease in PDI (from 1.20 to 1.05). On the contrary, whilst both the stereocontrol 
(increase in 1,4-cis content from 89.6 % to 92.5 %) and the activity (increase in conversion 
from 85 % to quantitative) are enhanced upon formation of the dicationic species from the 
yttrium compound 12, a significant decrease in control is observed, too (from 2.87 to 3.29). 
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Table B.1.2. 1,3-Butadiene homopolymerisation catalysed by complexes 12, 13, 14, 23 and 24.a 
 
Run catalyst activatorb yieldc microstructured Mne PDI 
1 tiba – – – – – 
2 12 – – – – – 
3 13 – – – – – 
4 14 – – – – – 
5 12 – 85 89.6 / 9.1 / 1.3 69800 2.87 
6 23 – >99 86.0 / 5.9 / 8.1 86900 1.19 
7f 12 1 eq. >99 92.5 / 6.3 / 1.2 180200 3.29 
8 13 – 8 32.7 / 63.3 / 4.0 6600 1.08 
 
9 24 – 13 68.8 / 27.5 / 3.7 24000 1.06 
10f 13 1 eq. 7 80.5 / 17.5 / 2.0 14500 1.05 
11 14 – 17 75.4 / 22.1 / 2.5 13700 1.69 
12f 14 1 eq. 19 86.2 / 12.3 / 1.5 33200 1.14 
 
a General conditions: mass of complex = 15 mg; [tiba]/[Ln]0 = 5; [BD]0/[Ln]0 = 1000; vtotal = 20 mL; 
reaction time = 5 min; temperature = 19 °C. b [NMe2PhH]+[B(C6F5)4]– (AB). c Isolated polymer. d ratio 
1,4-cis / 1,4-trans / 1,2. e in g.mol–1. f catalyst formation time = 5 minutes. 
r, might afford enough 
re observed for instance with the neutral tri(allyl) species 
n 
f the resulting allylic species is obtained, generating 1,4-cis polybutadiene.   
 
In all runs except for run 8, a high 1,4-cis polybutadiene content is observed. The cationic 
nature of all complexes tested, as well as the use of tiba as thf-scavenge
space in the coordination sphere of the metal centre to favour an η4-coordination of the 
incoming molecule of monomer. The anti-configuration of the allylic fragment generated 
after insertion of the monomer leads to a cis-configuration of the polymer (see Scheme 
B.1.14, route i).15 
A possible syn-anti isomerisation via η3–η1–η3 interconversion (see Scheme B.1.14, 
equilibrium A), despite an initial η4-coordination of the monomer, might account for the 
trans-stereoselectivity observed in run 8 with the monocationic bis(allyl) complex 13. High 
trans-contents (up to 94%) we
[Ln(η3-C3H5)3(diox)n] (Ln = La, Nd) without addition of a cocatalyst. In these systems, the 
crowding of the metal centre was invoked to justify an η2-coordination of the monomer (see 
Scheme B.1.14, route ii). Upon addition of two equivalents of [AlEt2Cl] to the neodymium 
system however, the stereoselectivity is reversed and 94% 1,4-cis content is observed.15 The 
coordination site(s) made available by abstraction of one (two) allyl group(s) allow the 
monomer to coordinate in an η4-fashion to the metal centre, whereupon an anti-configuratio
o
 38 
 
Allyl Complexes Supported by thf 
Scheme B.1.14. 1,3-Butadiene polymerisation mechanism. 
1,4-ci lybutadienes o P
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B.1.3. Conclusion. 
 
Starting from neutral homoleptic tri(allyl) precursors of yttrium, lanthanum and neodymium, 
a wide range of compounds is straightforwardly accessible (see Scheme B.1.15):  
-homoleptic monocationic allyl species via propene elimination upon reaction with 
one equivalent of Brønsted acid (Ln = Y, La and Nd), or via allyl abstraction upon reaction 
with one equivalent of Lewis acids such as [Al(CH2SiMe3)3] (Ln = Y) or [BPh3] (Ln = Y and 
La); 
-dicationic mono(allyl) species upon reaction with two equivalents of Brønsted acid 
(Ln = La and Nd); 
-neutral half-sandwich bis(allyl) species upon reaction with one equivalent of 
cyclopentadiene (Ln = Y and La); 
-monocationic half-sandwich allyl species, from reaction of the half-sandwich 
complexes with one equivalent of Brønsted acid (Ln = Y and La). 
 
Both monocationic cyclopentadienyl-free and mono(cyclopentadienyl) complexes were found 
to be active precursors for the polymerisation of 1,3-butadiene. The isolation and use of 
cationic compounds featuring the perfluorinated borate as anion allowed a clearer insight into 
the nature of the active species by reducing the number of components of the reaction 
mixture. The great increase in activity and stereoselectivity observed when activating the 
yttrium monocationic system with one equivalent of acid, suggests the involvement of a 
dicationic species as crucial intermediate in the polymerisation process.  
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Scheme B.1.15. Overview of the reactivity of rare-earth 4 [NM H]+[B 5)4]–. 
 
 tri(allyl). X = H, F; H+ = [NEt3H]+[BPh ]–; H+F = e2Ph (C6F
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B.1.4. Experimental Section. 
 
General Considerations 
 
[Ln(η3-C3H5)3(diox)] (Ln = Y, La and Nd) 10 and HC5Me4SiMe3 29 were prepared according 
to literature procedures. [K(η3-C3H5)] (4) was synthesised by modification of the reported 
procedure.30 
 
Neutral tri(allyl) complexes. 
η3-C3H5)3(diox)] (1) 
l3 (3000 mg, 15.36 mmol) was suspended in thf (60 mL) and stirred overnight at 50 °C. 
 suspension was then cooled down to room temperature and dioxane (20 mL) was added. 
 white suspension was treated with a 2 mol.L–1 thf solution of [Mg(CH2CH=CH2)Cl] 
.05 mL, 4627 mg, 46.09 mmol). The resulting yellow suspension was stirred overnight. 
trifugation, filtration, and drying under vacuum afforded an orange oil. Extraction with 
xane (2 × 15 mL) and drying under vacuum of the clear orange solution afforded an orange 
d. Washing with pentane (3 × 20 mL) and drying under vacuum yielded 1 (3150 mg, 68 
as an orange powder. Absence of chloride was confirmed by a negative AgNO3 test. 
d8, 25 °C): δ = 2.64 (d, 3JHH = 12.0 Hz, 12H, CH2CHCH2), 3.56 (s, 8H,  
C4H8O2), 6.18 (qt, 3JHH = 12.0 Hz, 3H, CH2CHCH2). 
C{1H} NMR (thf-d8, 25 °C): δ = 64.19 (CH2CHCH2), 67.74 (C4H8O2), 147.36  
(CH2CHCH2). 
(η3-C3H5)3(diox)] (2) 
l3 (3679 mg, 15 mmol) was suspended in thf (30 mL) and stirred overnight at 50 °C. The 
pension was then cooled down to room temperature and dioxane (20 mL) was added. The 
ite suspension was treated with a 2 mol.L–1 thf solution of [Mg(CH2CH=CH2)Cl] (23 mL, 
8 mg, 46 mmol). The resulting yellow suspension was stirred overnight. Centrifugation, 
ation, and drying under vacuum afforded a slightly oily orange material. Extraction with 
xane (2 × 15 mL) and drying under vacuum of the clear orange solution afforded an orange 
d. Washing with pentane (3 × 20 mL) and drying under vacuum yielded a yellow solid. 
 solid was redissolved in a minimal amount of dioxane, toluene was added and the 
lting clear solution was storred at –40 °C overnight. The next day, the vial was warmed 
to room temperature and after the dioxane crystals had melted, crystalline material was 
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isolated. Washing with pentane (2 × 20 mL) and drying under vacuum afforded 2 (3500 mg, 
7 %) as yellow crystals. Absence of chloride was confirmed by a negative AgNO3 test. 
8 δ = 2.65 (br s, 12H, CH2CHCH2), 3.56 (s, 8H, C4H8O2), 6.00 (qt,  
2 HCH2), 3.56 (s, 8H, C4H8O2), 6.00 (qt, 3JHH = 12.0 Hz, 3H, CH2CHCH2). 
13C{1H} NMR (thf-d , 26.8 °C): δ = 67.73 (C4H8O2), 69.83 (CH2CHCH2), 145.83  
2 2
 Anal. Calcd. for C H O2La (350.23 g.mol–1): C, 44.58; H, 6.62. Found: C, 44.04; H, 6.62. 
shing 
 
chlorid
H NMR (thf- 8 2 2 syn- 
2 2 .17 (br s, 3H, CH2CHCH2), 3.84 (s, 8H, C4H8O2). 
13C{1H} NMR (thf-d , 25 °C): δ = 68.62 (C4H8O2), 70.10 (CH2CHCH2). The signal of the  
f the ally groups was not detected between +350 and –350 ppm. 
6
1H NMR (thf-d , 24.6 °C): • 
3JHH = 12.0 Hz, 3H, CH2CHCH2). 
• 1H NMR (thf-d8, 26.8 °C): δ = 2.41 (br s, 6H, anti-CH2CHCH2), 2.93 (br s, 6H, syn- 
CH C
• 8
(CH CHCH ). 
• 13 23
 
[Nd(η3-C3H5)3(diox)] (3) 
NdCl3 (1504 mg, 6 mmol) was suspended in thf (30 mL) and stirred overnight at room 
temperature. Dioxane (20 mL) was added, after what the pale blue suspension was treated 
with a 2 mol.L–1 thf solution of [Mg(CH2CH=CH2)Cl] (9 mL, 1815 mg, 18 mmol), resulting 
in an instantaneous colour change to bright green. The mixture was stirred for 15 hours, 
filtered, and dried under vacuum. The remaining solid was extracted with dioxane (2 × 15 
mL), the green liquor diluted with twice the amount of toluene and storred at –40 °C 
overnight. Large quantity of moss-green needles could be collected the next day. Wa
with pentane (3 × 20 mL) and drying under vacuum yielded 3 (1235 mg, 58 %). Absence of
e was confirmed by a negative AgNO  test. 3
• 1 d , 25 °C): δ = –15.48 (br s, 6H, anti-CH CHCH ), –2.22 (br s, 6H, 
CH CHCH ), 0
• 8
terminal carbons o
• Anal. Calcd. for C13H23O2Nd (355.56 g.mol–1): C, 43.91; H, 6.52. Found: C, 43.84; H, 6.29. 
 
Potassium Allyl. 
 
[K(η3-C3H5)] (4) 
Propene (30 mL, 18000 mg, 428 mmol) was condensed at –78 °C onto a 
suspension of KOtBu (17330 mg, 155 mmol) in pentane (350 mL). nBuLi 
(61.8 mL of a 2.5 mol.L–1 solution in hexane, 155 mmol) was then slowly 
added to the resulting slurry. The reaction vessel was fitted with a reflux 
condensor in which –80 °C cold ethanol was circulated. Progressive warming of the white 
Hγ
Hα
HβHβ
Hα
K
 43 
 
Allyl Complexes Supported by thf 
reaction mixture to room temperature allowed the propene to reflux and resulted in a colour 
change to beige within half an hour. After five hours reaction, the excess propene was boiled 
vacuum 32 mg, 97 %). 
,  
• Anal. K (80.17 g.mol–1): C, 44.95; H, 6.29. Found: C, 44.25; H, 6.08. 
nionic tetra(allyl) complexes. 
• Anal.  
 LaCl3 (1300 mg, 5.30 mmol) was suspended in thf (20 mL) and 
stirred overnight at 50 °C. The resulting suspension was treated with 
Centrifugation and filtration gave a bright 
vacuum afforded a
confirmed by a negative AgNO3 test. 
off and the reaction mixture filtered. Washing with pentane (3 × 150 mL) and drying under 
 afforded 4 as an ocre powder (116
• 1H NMR (thf-d8, 25 °C): δ = 1.95 (dd, 2JHH = 2.6 Hz, 3JHH = 8.5 Hz, 2H, Hα), 2.36 (dd
2JHH = 2.6 Hz, 3JHH = 14.8 Hz, 2H, Hβ), 6.28 (m, 1H, Hγ). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 52.05 (CH2CHCH2), 144.07 (CH2CHCH2). 
 Calcd. for C3H5
 
A
 
[K]+[Y(η3-C3H5)4]– (5) 
YCl3 (500 mg, 2.56 mmol) was suspended in thf (15 mL) and stirred 
overnight at 50 °C. The resulting suspension was treated with 4 (821 
mg, 10.24 mmol) at –78 °C. After addition, the mixture was allowed 
to warm up to room temperature and stirred for a further two hours. 
Centrifugation and filtration gave a bright yellow solution. Removing of the volatiles under 
vacuum afforded a yellow powder. Washing with pentane (3 × 15 mL) and drying under 
vacuum afforded 5 (560 mg, 75 %) as a bright yellow solid. Absence of chloride was 
confirmed by a negative AgNO3 test. 
YK
• 1H NMR (thf-d8, 25 °C): δ = 2.49 (d, 3JHH = 12.3 Hz, 16H, CH2CHCH2), 5.82 (qt, 3JHH =  
12.3 Hz, 4H, CH2CHCH2). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 59.55 (CH2), 143.18 (CH). 
 Calcd. for C12H20KY (292.29 g.mol–1): C, 49.31; H, 6.89. Found: C, 49.06; H, 6.90.
 
[K]+[La(η3-C3H5)4]– (6) 
4 (1700 mg, 21.20 mmol) at –78 °C. After addition, the mixture was 
allowed to warm up to room temperature and stirred for three hours. 
yellow solution. Removing of the volatiles under 
 yellow powder. Washing with pentane (3 × 15 mL) and drying under 
vacuum afforded 6 (1285 mg, 71 %) as a bright yellow solid. Absence of chloride was 
LaK
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• 1H NMR (thf-d8, 25 °C): δ = 2.18 (d, 3JHH = 15.3 Hz, 8H, anti-CH2CHCH2), 2.82 (d, 3JHH =  
8.8 Hz, 8H, syn-CH2CHCH2), 5.79 (m, 4H, CH2CHCH2). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 63.38 (CH2), 143.52 (CH). 
• Anal. Calcd. for C12H20KLa (342.30 g.mol–1): C, 42.11; H, 5.89. Found: C, 41.54; H, 5.85. 
Neutra
A thf solution (10 mL) of 1 (600 mg, 2 mmol) was treated at room  
ith a thf solution (5 mL) of HC5Me4SiMe3 (385 mg, 1.98 
mmol). The resulting solution was stirred for three hours, filtered and 
. The orange solide thus obtained was extracted with 
pentane (3 × 10 mL), the
–40 °C. 7 could be isol
overnight at that temperature.
• 1H NMR (thf-d8, 25 °C)
3
, 111.01 (C5Me4SiMe3, C bound to SiMe3), 121.75,  
• 1H NM  0.34 (s, 9H, SiMe3), 1.17 (br, 4H, β-thf), 1.84, 2.18 (s,  
.31 (br, 4H, α-thf), 6.57 (qt,  
C{ H} NMR (benzene-d6, 25 °C): δ = 2.31 (SiMe3), 11.53, 14.97 (CpMe4), 25.26 (β-thf),  
8 (br, CH2CHCH2), 112.46 (C5Me4SiMe3, C bound to SiMe3),  
122.24, 126.34 (C
• Anal. Calcd. for C22H39
 
3) (η3-
ield 8 (389 mg, 84 %) as a bright yellow solid. 
 
l half-sandwich bis(allyl) complexes. 
 
5 3[Y(η -C5Me4SiMe3) (η -C3H5)2(thf)] (7) 
temperature w
Y
dried under vacuum
 volume of solvent reduced by half and the yellow solution storred at 
ated as yellow crystalline material (559 mg, 66 %) after standing 
   
: δ = 0.22 (s, 9H, SiMe3), 1.77 (m, 4H, β-thf), 1.91, 2.10 (s, 6H,  
CpMe4), 2.58 (d, JHH = 12.1 Hz, 8H, CH2CHCH2), 3.62 (m, 4H, α-thf), 6.17 (qt,  
3JHH = 11.8 Hz, 2H, CH2CHCH2).  
• 13C{1H} NMR (thf-d8, 25 °C): δ = 2.60 (SiMe3), 11.66, 15.13 (CpMe4), 26.33 (β-thf), 64.12  
(br, CH2CHCH2), 68.22 (α-thf)
125.72 (C5Me4SiMe3, C bound to Me4), 147.18 (br, CH2CHCH2). 
R (benzene-d6, 25 °C): δ =
36H, CpMe4), 3.01 (d, JHH = 12.3 Hz, 8H, CH2CHCH2), 3
3JHH = 12.3 Hz, 2H, CH2CHCH2).  
13 1• 
69.98 (α-thf), 70.5
5Me4SiMe3, C bound to Me4), 149.63 (CH2CHCH2). 
OSiY (436.54 g.mol–1): C, 60.53; H, 9.00. Found: C, 59.67; H, 8.79. 
C3H5)2(thf)] (8) 
A thf solution (6 mL) of 2 (350 mg, 1 mmol) was treated at room 
temperature with a thf solution (4 mL) of HC5Me4SiMe3 (190 mg, 0.98 
mmol). The resulting solution was stirred for two hours, filtered and dried 
under vacuum to y
[La(η5-C5Me4SiMe
thf
SiMe3
La
thf
SiMe3
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• 1H NMR (thf-d8, 25 °C): δ = 0.22 (s, 9H, SiMe3), 1.77 (m, 4H, β-thf), 1.94, 2.09 (s, 6H,  
CpMe4), 2.24 (br, 4H, anti-CH2CHCH2), 2.87 (br, 4H, syn-CH2CHCH2), 3.62 (m, 4H,  
68.22 (α-thf), 71.46 (CH2CHCH2), 113.15 (C5Me4SiMe3, C bound to SiMe3),  
to Me4), 146.38 (CH2CHCH2). 
22H LaOSi (486.54 g.mol–1): C, 54.31; H, 8.08. Found: C, 54.63; H, 8.05. 
Monocationic bis(
 
[Y(η3-C3H5)2(thf)3]
tion, the suspension was stirred 
pentane hite 
powder. Crystals suitable for X-ray diffraction analysis were obtained overnight as follows: A 
the resulting biphasic solution was then cooled 
(4 mL) of [NEt product in thf-
d d , no C-NMR data could be obtained. 
• H NMR (thf-
2 -thf), 6.33 (br m, 2H, CH2CHCH2). 
• Anal. Calcd. for C H BO Y (706.60 g.mol–1): C, 71.39; H, 7.70. Found: C, 71.62; H, 7.13. 
 
3
room temperature with a thf solution (5 mL) of [NEt3H] [BPh4]  
(209 m plete addition, the turbid yellow 
inutes, filtered and dried under 
vacuum to afford a bright yellow solid. Further washing with pentane (3 
under vacuum yielded 
• 1H NMR (thf-d8, 25 °C): 
α-thf), 5.98 (m, 3JHH = 12.3 Hz, 2H, CH2CHCH2).  
• 13C{1H} NMR (thf-d8, 25 °C): δ = 2.83 (SiMe3), 11.57, 14.78 (CpMe4), 26.34 (β-thf),  
122.83, 126.21 (C5Me4SiMe3, C bound 
• Anal. Calcd. for C 39
 
allyl) complexes. 
+[BPh4]– (9) 
A thf solution (5 mL) of 1 (300 mg, 1 mmol) was treated at room 
temperature with a thf solution (6 mL) of [NEt3H]+[BPh4]– (413 
mg, 0.98 mmol). After addition of half of the acid, a white solid 
precipitated. Upon complete addi
for five minutes, and filtered over a frit. The solid was quickly washed with thf (5 mL) and 
 (2 × 10 mL) and dried under vacuum to afford 9 (441 mg, 64 %) as an off-w
–40 °C cold thf solution (2 mL) of 1 (50 mg, 0.236 mmol) was layered with neat thf (3 mL), 
down to –40 °C and layered with a thf solution 
3H][BPh4] (100 mg, 0.236 mmol). Due to low solubility of the 
13
8 and instantaneous C-D bond activation in pyridine- 5
1 3d8, 25 °C): δ = 1.74 (br s, 12H, β-thf), 2.89 (br d, JHH = 11.7 Hz, 8H,  
CH CHCH2), 3.60 (br s, 12H, α
42 54 3
[La(η -C3H5)2(thf)3] [BPh4]  (10) + –
A thf solution (5 mL) of 2 (175 mg, 0.5 mmol) was treated at 
+ –
g, 0.495 mmol). Upon com
solution was stirred for 30 m
× 15 mL) and drying 
10 (270 mg, 72 %) as a bright yellow solid. 
δ = 1.77 (m, 12H, β-thf), 2.26 (d, 3JHH = 14.8 Hz, 4H, anti- 
Y
thf
BPh4
thf
thf
La
thf
BPh4
thf
thf
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CH2CHCH2), 3.26 (br s, 4H, syn-CH2CHCH2), 3.62 (m, 12H, α-thf), 6.05 (m, 2H, 
.81  
9.4  
42H54BLaO3 (756.61 g.mol–1): C, 66.67; H, 7.19. Found: C, 66.83; H,  
[Nd(η -C3H5)2(thf)3] [BPh4
42H54BNdO3 (761.94 g.mol–1): C, 66.21; H, 7.14. Found: C, 65.85; H,  
 
[Y(η3-C3H5)2(thf)3]+[B(C6F
as stirred for 30 minutes, 
CH2CHCH2), 6.73 (t, 3JHH = 7.3 Hz, 4H, Ph-4), 6.87 (t, 3JHH = 7.5 Hz, 8H, Ph-3), 7.28 
(br m, 8H, Ph-2). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 26.27 (β-thf), 68.21 (α-thf), 77.36 (CH2CHCH2), 121
(Ph-4), 125.63 (Ph-3), 137.03 (Ph-2), 145.94 (CH2CHCH2), 165.05 (q, 1JBC = 4
Hz, Ph-1). 
• 11B{1H} NMR (thf-d8, 25 °C): δ = –6.57.  
• Anal. Calcd. for C
6.85. 
 
3 + –]  (11) 
A thf solution (5 mL) of 3 (178 mg, 0.5 mmol) was treated at 
room temperature with a thf solution (5 mL) of [NEt3H]+[BPh4]– 
(209 mg, 0.495 mmol). Upon complete addition, the slightly 
turbid green solution was stirred for 15 minutes, filtered and dried 
under vacuum to afford a green solid. Further washing with pentane (3 × 15 mL) and drying 
under vacuum yielded 11 (340 mg, 89 %) as a bright green solid. 
• 1H NMR (thf-d8, 25 °C): δ = –22.81 (br s, 4H, anti-CH2CHCH2), –5.12 (br s, 4H, syn- 
CH2CHCH2), 0.33 (br s, 2H, CH2CHCH2), 1.82 (m, 12H, β-thf), 3.62 (m, 12H, α-thf),  
6.64 (br s, 8H, Ph-3), 6.67 (br s, 4H, Ph-4), 6.86 (br s, 8H, Ph-2). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 26.60 (β-thf), 68.23 (α-thf), 121.82 (Ph-4), 125.59 (Ph-3),  
Nd
thf
BPh4
thf
thf
136.68 (Ph-2), 164.85 (q, 1JBC = 49.6 Hz, Ph-1). The signals of the allyl groups were  
not detected. 
• 11B{1H} NMR (thf-d8, 25 °C): δ = –5.22.  
• Anal. Calcd. for C
7.39. 
5)4]– (12) 
A thf solution (5 mL) of 1 (225 mg, 0.75 mmol) was treated at 
room temperature with a thf solution (3 mL) of 
[NMe2PhH]+[B(C6F5)4]– (601 mg, 0.75 mmol). Upon complete 
addition, the clear yellow solution w
Y
thf
B(C F )
thf
6 5 4
thf
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filtered
pentane
powder
• 13C{1 d8, 25 °C): δ = 26.11 (β-thf), 68.18 (α-thf), 68.66 (br, CH2CHCH2),  
47.1 Hz, Ph-3), 138.89 (d, 1JCF = 244.5 Hz,  
• 11B{1 d8, 25 °C): δ = –14.73.  
19F{1H} NMR (thf-d8, 25 °C): δ = –163.05, –159.49, –127.37. 
1066.41 g.mol–1): C, 47.30; H, 3.21. Found: C, 48.38; H,  
3.47. 
 
[La(η3-C3H5)2(thf)3]+[B(C6F
0.5 mmol). Upon complete 
nutes, 
filtered
pentane %) as a pale yellow 
 • 1H N
H2), 3.32 (br s, 8H, syn-CH2CHCH2), 3.62 (m, 12H, α-thf), 6.11 (m,  
6  
-1), 137.09 (d, 1JCF = 241.9 Hz, Ph-3), 139.12 (d, 1JCF = 254.0 Hz, Ph-4),  
46.07 (CH2CHCH2), 149.09 (d, 1JCF = 241.9 Hz, Ph-2). 
16.60.  
)
• Anal. Calcd. for C42H34BF20L
3.57. 
 
 
 
 and dried under vacuum. The resulting expanded foam was thoroughly triturated with 
 (5 × 20 mL) and dried under vacuum to afford 12 (779 mg, 97 %) as a pale yellow 
. 
 • 1H NMR (thf-d8, 25 °C): δ = 1.77 (m, 12H, β-thf), 2.84 (br d, 3JHH = 9.5 Hz, 8H,  
CH2CHCH2), 3.62 (m, 12H, α-thf), 6.27 (qt, 3JHH = 12.3 Hz, 2H, CH2CHCH2). 
H} NMR (thf-
124.95 (br, Ph-1), 136.89 (d, 1JCF = 2
Ph-4), 148.66 (br, CH2CHCH2), 148.90 (d, 1JCF = 244.5 Hz, Ph-2). 
H} NMR (thf-
• 
• Anal. Calcd. for C42H34BF20O3Y (
5)4]– (13) 
A thf solution (5 mL) of 2 (175 mg, 0.5 mmol) was treated at 
room temperature with a thf solution (3 mL) of 
[NMe2PhH]+[B(C6F5)4]– (401 mg, 
La
thf
B(C6F5)4
thf
thf addition, the clear yellow solution was stirred for 30 mi
 and dried under vacuum. The resulting expanded foam was thoroughly triturated with 
 (5 × 20 mL) and dried under vacuum to afford 13 (540 mg, 97 
powder. 
MR (thf-d8, 25 °C): δ = 1.77 (m, 12H, β-thf), 2.32 (br d, 3JHH = 14.1 Hz, 8H,  
anti-CH2CHC
3JHH = 12.3 Hz, 2H, CH2CHCH2). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 26.27 (β-thf), 68.20 (α-thf), 77.61 (CH2CHCH2), 125.3
(br, Ph
1
• 11B{1H} NMR (thf-d8, 25 °C): δ = –
: δ = –164.90, –161.35, –129.22. 
aO3 (1116.43 g.mol–1): C, 45.19; H, 3.07. Found: C, 45.31; H,  
• 19F{1H} NMR (thf-d8, 25 °C
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[Nd(η3-C3H5)2(thf)3]+[B(C6F5)4]– (14) 
A thf solution (5 mL) of 3 (178 mg, 0.5 mmol) was treated at 
room temperature with a thf solution (3 mL) of 
 complete 
inutes, 
ith 
pentane reen 
powder
H, anti-CH2CHCH2), –4.50 (br s, 4H, syn- 
 β-thf), 3.62 (m, 12H, α-thf). 
 248.8 Hz, Ph-3), 139.54 (d, 1JCF = 243.6 Hz, Ph-4), 149.55 (d, 1JCF = 245.4  
Hz, Ph-2). The signals of the allyl groups were not detected. 
6.51.  
19 1 )
• Anal. Calcd. for C42H34BF20N
3.54. 
 
added thf (181 mg, 2.5 mmol) and pentane (1.5 
ropwise 
.45 
mmol) olution became immediatly turbid, and clear again 
 
phase w
• 1H NM 27H, SiMe3), 0.89 (br s, 2H,  
 = 10.3 Hz, 8H, YCH2CHCH2), 3.62 (m, 12H, 
.13 (dm, 3JHH = 16.8 Hz, 1H, 
• 13C{1 d8, 25 °C): δ = 0.78 (br, AlCH2SiMe3), 3.73 (SiMe3), 26.28 (β-thf),  
29.85 (br, AlCH2CHCH2), 67.43 (YCH2CHCH2), 68.20 (α-thf), 97.71 
(AlCH2CHCH2), 147.52 (br, YCH2CHCH2), 148.32 (AlCH2CHCH2). 
[NMe2PhH]+[B(C6F5)4]– (401 mg, 0.5 mmol). Upon
addition, the clear green solution was stirred for 30 m
filtered and dried under vacuum. The resulting expanded foam was thoroughly triturated w
 (3 × 20 mL) and dried under vacuum to afford 14 (547 mg, 98 %) as a pale g
. 
 • 1H NMR (thf-d8, 25 °C): δ = –22.45 (br s, 4
CH2CHCH2), 1.07 (br s, 2H, CH2CHCH2), 1.82 (m, 12H,
• 13C{1H} NMR (thf-d8, 25 °C): δ = 26.87 (β-thf), 68.29 (α-thf), 125.53 (br, Ph-1), 137.53 (d,  
1JCF =
• 11B{1H} NMR (thf-d8, 25 °C): δ = –1
• F{ H} NMR (thf-d8, 25 °C : δ = –162.99, –159.39, –127.39. 
dO3 (1121.75 g.mol–1): C, 44.97; H, 3.06. Found: C, 45.68; H,  
[Y(η3-C3H5)2(thf)3]+[Al(η1-CH2–CH=CH2)(CH2SiMe3)3]– (15) 
To 1 (150 mg, 0.5 mmol) were successively 
mL). To the resulting solution was d
added neat [Al(CH2SiMe3)3] (130 mg, 0
at room temperature. The orange s
within a minute. Stopping the stirring resulted in the formation of two phases. The red bottom
as syringed out, dried under vacuum to afford 15 (290 mg, 90 %) as a red oil. 
R (thf-d8, 25 °C): δ = –1.29 (br s, 6H, AlCH2), –0.13 (s, 
Hα), 1.77 (m, 12H, β-thf), 2.72 (d, 3JHH
α-thf), 3.94 (dd, 2JHH = 3.5 Hz, 3JHH = 9.79 Hz, 1H, Hγ), 4
Hβ), 6.01 (m, 1H, Hδ), 6.18 (qt, 3JHH = 12.1 Hz, 2H, YCH2CHCH2).   
H} NMR (thf-
Y
thf
thf
thf
Al Hβ
HγHδ
Hα
Hα
Me3Si
Me3Si
SiMe3
Nd
thf
B(C F )
thf
6 5 4
thf
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• 27Al NMR (thf-d8, 25 °C): δ = 150.21. 
• No satisfactory elemental ana
 
[Y(η3-C3H5)2(thf)3]+[B(η1-CH
complete addition, the clear orange solution suddenly 
 mL) 
and dri
Hz, 
δ), 6.21 (qt, 3JHH = 12.3 
 7.3 Hz, 3H, Ph-4), 6.86 (t, 3JHH = 7.5 Hz, 6H, 
(YCH2CHCH2), 68.20 (α-thf), 106.56 (BCH2CHCH2), 121.56 (Ph-4), 125.64  
(Ph-3), 135.75 (Ph-2), 147.82 (br, YCH2CHCH2), 149.07 (BCH2CHCH2), 166.07 (q,  
• 11B NMR (thf-d8, 25 °C): δ = –8.14. 
• Anal. Calcd. for C39H54BO3Y (670.57 g.m
 
3 + 1
2)P
es after 
turbid. 
mL) an
• 1H NM  (d, 2JHH = 15.6  
4.28 
 = 7.3 Hz, 3H, 
Ph-4), 6.84 (t, 3JHH = 7.5 Hz, 6H, Ph-3), 7.27 (br m, 6H, Ph-2).   
lyses could be obtained for 15. 
2–CH=CH2)Ph3]– (16) 
A thf solution (3 mL) of 1 (150 mg, 0.5 mmol) was 
treated with a thf solution (3 mL) of [BPh3] (121 mg, 
0.5 mmol) at room temperature. Three minutes after 
became turbid. The suspension was then filtered over a frit, washed with pentane (2 × 10
ed under vacuum to afford 16 (185 mg, 55 %) as an off-white powder. 
• 1H NMR (thf-d8, 25 °C): δ = 1.77 (m, 12H, β-thf), 1.92 (br m, 2H, Hα), 2.78 (d, 3JHH = 12.1  
Hz, 8H, YCH2CHCH2), 3.62 (m, 12H, α-thf), 4.28 (dd, 2JHH = 3.5 Hz, 3JHH = 10.0 
1H, Hγ), 4.46 (dm, 3JHH = 17.1 Hz, 1H, Hβ), 5.81 (m, 1H, H
Hz, 2H, YCH2CHCH2), 6.71 (t, 3JHH =
Ph-3), 7.28 (br m, 6H, Ph-2).   
• 13C{1H} NMR (thf-d8, 25 °C): δ = 26.30 (β-thf), 36.69 (q, 1JBC = 38.2 Hz, BCH2CHCH2),  
67.63 
1JBC = 49.4 Hz, Ph-1).  
ol–1): C, 69.86; H, 8.12. Found: C, 69.26; H, 7.84. 
h3]– (17) 
A thf solution (3 mL) of 2 (175 mg, 0.5 mmol) was 
treated with a thf solution (3 mL) of [BPh3] (121 mg, 
0.5 mmol) at room temperature. Three minut
[La(η -C3H5)2(thf)3] [B(η -CH2–CH=CH
complete addition, the clear yellow solution became 
The suspension was then filtered over a frit, the solid washed with pentane (2 × 10 
d dried under vacuum to afford 17 (209 mg, 58 %) as a yellow powder. 
R (thf-d8, 25 °C): δ = 1.77 (m, 12H, β-thf), 1.90 (br m, 2H, Hα), 2.28
Hz, 4H, anti-CH2CHCH2), 3.25 (br s, 4H, syn-CH2CHCH2), 3.62 (m, 12H, α-thf), 
(dd, 2JHH = 3.8 Hz, 3JHH = 10.0 Hz, 1H, Hγ), 4.45 (dm, 3JHH = 17.1 Hz, 1H, Hβ), 5.81 
(m, 1H, Hδ), 6.06 (m, 3JHH = 12.3 Hz, 2H, LaCH2CHCH2), 6.68 (t, 3JHH
Y
thf
thf
thf
B
Ph
Ph
Ph
Hβ
HγHδ
Hα
Hα
La
thf
thf
thf
B
Ph
Ph
Ph
Hβ
HγHδ
Hα
Hα
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• 13C{1H} NMR (thf-d8, 25 °C): δ = 26.38 (β-thf), 36.95 (q, 1JBC = 38.2 Hz, BCH2CHCH2),  
CHCH2), 121.67 (Ph-4),  
125.75 (Ph-3), 135.97 (Ph-2), 146.07 (LaCH2CHCH2), 149.32 (BCH2CHCH2), 166.29  
• 11B NMR (thf-d8, 25 °C): δ = –9.99. 
• Anal. Calcd. for C39H54BLaO3 (720.5
7.22. 
 
plete additon, the off-white suspension was stirred for 
e 
resultin 5 
mg). 
• 1H NM 0.87 (d, 2JYH = 2.3 Hz, 3H, Me), 1.77 (m, 12H, β-thf), 2.88  
CH2), 2.94 (d, 2JHH = 12.6 Hz, 2H, CH2CHCH2), 3.61 
3JHH = 7.3 Hz, 4H, Ph-4), 6.87 (t, 3JHH = 7.5 Hz, 8H, Ph-3), 7.28 (br m, 8H, Ph-2). 
.9 Hz, Me), 26.29 (β-thf), 68.20 (α-thf),  
70.74 (d, 2JYC = 3.5 Hz, Me), 7
3), 137.02 (Ph-2), 149.41 (CH
Hz, Ph-1). 
• 11B NMR (thf-d8, 25 °C): δ = –6.54. 
m l
solutio 2 uum to afford an oil. 
68.20 (α-thf), 77.37 (br, LaCH2CHCH2), 106.64 (BCH2
(q, 1JBC = 49.4 Hz, Ph-1). 
8 g.mol–1): C, 65.01; H, 7.55. Found: C, 64.88; H,  
Monocationic mixed methyl-allyl complexes. 
 
[YMe(η3-C3H5)(thf)4]+[BPh4]– (18) 
A suspension of [YMe(thf)6]2+[BPh4]–2 (705 mg, 0.6 mmol) in 
thf (4 mL) was slowly treated with a freshly prepared thf 
solution (3 mL) of 4 (48 mg, 0.6 mmol) at room temperature. 
After com
Y
Me
thfthf
thf thf
BPh4
one hour, and filtered over a frit. The volatiles were then removed under vacuum, and th
g oily product triturated with pentane (3 × 20 mL) to afford a pale yellow solid (32
R (thf-d8, 25 °C): δ = –
(d, 2JHH = 12.6 Hz, 2H, CH2CH
(m, 12H, α-thf), 6.31 (qt d, 3JHH = 12.6 Hz, 2JYH = 1.2 Hz, 1H, CH2CHCH2), 6.73 (t, 
•13C{1H} NMR (thf-d8, 25 °C): δ = 21.75 (d, 2JYC = 52
3.18 (d, 2JYC = 3.5 Hz, Me), 121.83 (Ph-4), 125.71 (Ph-
2CHCH2), 150.80 (CH2CHCH2), 165.08 (q, 1JBC = 49.4 
 
[YMe(thf)6]2+[B(C6F5)4]–2 (19) 
 [Y{(µ-Me)2(AlMe2)}3] (200 mg, 0.571 mmol) was 
dissolved in thf (5 mL) and treated dropwise with a thf 
solution (8 mL) of [NMe2PhH]+[B(C6F5)4]– (915 mg, 1.142 
mol). Upon complete addition, the c ear colourless 
n was stirred for 0 minutes, then filtered and dried under vac
Y
Me
thf
thfthf
thf thf
thf B(C6F5)4
2
2+
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Vigourous trituration and repeated washings with pentane (9 × 20 mL) yielded 19 as a white 
powder
• 1H NM
.10 (β-thf), 28.82 (d, 2JYC = 57.2 Hz, Me), 68.17 (α- 
-4), 148.96 (d, 1JCF = 245.4 Hz, Ph-2). 
11B{1H} NMR (thf-d8, 25 °C): δ = –14.74.  
9.38, –127.36. 
73H51B2F40O6Y (1894.67 g.mol–1): C, 46.28; H, 2.71. Found: C, 46.29; H,  
 
NMR Scale formation of [YM
es.  
 
A thf solution (5 mL) of 7 (153 mg, 0.35 mmol) was treated 
m temperature with a thf solution (4 mL) of 
[NEt3H]+[BPh4]– (148 mg, 0.35 mmol), resulting in the clear 
orange solution becoming turbid. After complete addition, the 
suspension was stirred for ten m
was washed with pentane (3 × 1
powder (235 mg, 85 %).  
• 1H NMR (thf-d8, 25 °C): δ = 0.2
 (1020 mg, 94 %). 
R (thf-d8, 25 °C): δ = –0.44 (d, 2JYH = 2.3 Hz, 3H, Me), 1.77 (m, 24H, β-thf), 3.62  
(m, 24H, α-thf). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 26
thf), 124.95 (br, Ph-1), 136.92 (d, 1JCF = 244.5 Hz, Ph-3), 138.91 (d, 1JCF = 244.4  
Hz, Ph
• 
• 19F{1H} NMR (thf-d8, 25 °C): δ = –162.99, –15
• Anal. Calcd. for C
3.47.  
e(η3-C3H5)(thf)6]2+[B(C6F5)4]–2 (20) 
A Young tube was charged with 19 (50 mg, 0.053 mmol) and 
4 (≈2 mg, 0.053 mmol). 0.5 mL thf-d8 was added and the tube 
vigorously shaken, upon what a clear pale yellow solution 
was obtained. The 1H NMR spectrum was recorded after five 
minut
Y
Me
thfthf
thf thf
B(C6F5)4
• 1H NMR (thf-d8, 25 °C): δ = –0.80 (d, 2JYH = 2.0 Hz, 3H, Me), 1.77 (m, 16H, β-thf), 2.99  
(d, 2JHH = 12.6 Hz, 4H, CH2CHCH2), 3.61 (m, 16H, α-thf), 6.38 (qt, 3JHH = 12.6 Hz, 
1H, CH2CHCH2). 
Monocationic half-sandwich mono(allyl) complexes. 
 
[Y(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[BPh4]– (21)   
at roo
inutes, filtered and dried under vacuum. The resulting solid 
5 mL) and dried under vacuum to afford 21 as pale orange 
8 (s, 9H, SiMe3), 1.77 (m, 8H, β-thf), 2.00, 2.11 (s, 6H,  
CpMe4), 2.76 (d, 3JHH = 12.6 Hz, 4H, CH2CHCH2), 3.62 (m, 8H, α-thf), 6.38 (qt d,  
Y
thf
thf
BPh4
SiMe3
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3JHH = 12.6 Hz, 2JYH = 1.50 Hz, 1H, CH2CHCH2), 6.72 (t, 3JHH = 7.3 Hz, 4H, Ph-4), 
6.87 (t, 3JHH = 7.5 Hz, 8H, Ph-3), 7.28 (br m, 8H, Ph-2).  
  
JYC = 6.1 Hz, CH2CHCH2), 116.88 (C5Me4SiMe3, C bound to  
),  
• 11B{1
ol–1): C, 71.75; H, 7.94. Found: C, 71.47; H,  
[La(η5- SiMe3)(η3-C3H5)(thf)2]+[BPh4]– (22)   
A thf solution (3 mL) of 8 (150 mg, 0.308 mmol) was treated 
hf solution (4 mL) of 
addition, the suspension was s
resulting solid was washed wit
5 %) as bright yellow powder.  
H = 12.6 Hz, 1H, CH2CHCH2), 6.73 (t, 3JHH = 7.3 Hz, 4H, Ph-4),  
6.87 (t, 3JHH = 7.5 Hz, 8H, Ph-3), 7.28 (br m, 8H, Ph-2).  
 14.70 (CpMe4), 26.35 (β-thf), 68.22  
(α-thf), 79.63 (CH2CHCH2), 118.53 (C5Me4SiMe3, C bound to SiMe3), 121.84 (Ph- 
4), 137.12 (Ph-2),  
149.04 (CH CHCH ), 16
• 11B{1H} NMR (thf-d8, 25 °C):
• Anal. Calcd. for C47H62BLaO2
6.90.  
• 13C{1H} NMR (thf-d8, 25 °C): δ = 2.50 (SiMe3), 11.98, 15.06 (CpMe4), 26.35 (β-thf), 68.22
(α-thf), 74.09 (d, 1
SiMe3), 121.85 (Ph-4), 125.69 (Ph-3), 125.88, 130.66 (C5Me4SiMe3, C bound to Me4
137.14 (Ph-2), 151.58 (CH2CHCH2), 165.15 (q, 1JBC = 49.4 Hz, Ph-1). 
H} NMR (thf-d8, 25 °C): δ = –6.54. 
• Anal. Calcd. for C47H62BO2SiY (786.81 g.m
8.18. 
 
C5Me4
at room temperature with a t
[NEt3H]+[BPh4]– (129 mg, 0.305 mmol), resulting in the clear 
orange solution becoming slightly turbid. After complete 
tirred for 30 minutes, filtered and dried under vacuum. The 
h pentane (3 × 15 mL) and dried under vacuum to afford 22 
(190 mg, 7
BPh
La
thf
thf
4
SiMe3
• 1H NMR (thf-d8, 25 °C): δ = 0.29 (s, 9H, SiMe3), 1.77 (m, 8H, β-thf), 2.00, 2.13 (s, 6H,  
CpMe4), 2.20 (br, 4H, anti-CH2CHCH2), 3.22 (br, 4H, syn-CH2CHCH2), 3.62 (m, 8H,  
α-thf), 6.17 (m, 3JH
• 13C{1H} NMR (thf-d8, 25 °C): δ = 2.61 (SiMe3), 11.57,
4), 125.67 (Ph-3), 127.21, 131.65 (C5Me4SiMe3, C bound to Me
2 2 5.15 (q, 1JBC = 49.4 Hz, Ph-1). 
 δ = –6.56. 
Si (836.81 g.mol–1): C, 67.46; H, 7.47. Found: C, 67.37; H,  
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[Y(η5-C
8 mg, 0.5 mmol) was treated 
pon 
30 min as thoroughly 
d under vacuum to afford 23 (550 mg, 96 %) as a 
• 1H NMR (thf-d8, 25 °C): δ = 0.29 (s, 9H, SiMe3), 1.77 (m, 8H, β-thf), 2.05, 2.15 (s, 6H,  
pMe4), 2.80 (d, 3JHH = 12.6 Hz, 4H, CH2CHCH2), 3.62 (m, 8H, α-thf), 6.41 (qt d,  
).  
• 13C{1H} NMR (thf-d8, 25 °C):
(α-thf), 73.92 (d, 1JYC = 
SiMe3), 125.30 (br, Ph-1
(d, 1JCF = 242.5 Hz, Ph-3
8, –161.46, –129.19. 
;  
 
of 
pon 
ellow solution was stirred for 
. The resulting oil was thoroughly triturated with 
 
powder
1H NMR (thf-d8, 25 °C): δ = 0.29 (s, 9H, SiMe3), 1.77 (m, 8H, β-thf), 2.04, 2.17 (s, 6H,  
CpMe4), 2.23 (br, 4H, anti-CH2CHCH2), 3.27 (br, 4H, syn-CH2CHCH2), 3.62 (m, 8H,  
α-thf), 6.21 (t, 3JHH = 12.6 Hz, 1H, CH2CHCH2).  
13C{1H} NMR (thf-d8, 25 °C): δ = 2.49 (SiMe3), 11.42, 14.60 (CpMe4), 26.29 (β-thf), 68.21  
(α-thf), 79.72 (CH2CHCH2), 118.74 (C5Me4SiMe3, C bound to SiMe3), 125.08 (br,  
5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]– (23)   
A thf solution (5 mL) of 7 (21
at room temperature with a thf solution (3 mL) of 
[NMe2PhH]+[B(C6F5)4]– (401 mg, 0.5 mmol). U
complete addition, the clear yellow solution was stirred for 
utes, filtered and dried under vacuum. The resulting orange oil w
triturated with pentane (4 × 20 mL) and drie
pale yellow powder. 
C
3JHH = 12.6 Hz, 2JYH = 1.3 Hz, 1H, CH2CHCH2
 δ = 2.37 (SiMe3), 11.82, 14.96 (CpMe4), 26.77 (β-thf), 68.20  
6.1 Hz, CH2CHCH2), 116.95 (C5Me4SiMe3, C bound to  
), 125.88, 130.81 (C5Me4SiMe3, C bound to Me4), 137.02  
), 139.04 (d, 1JCF = 245.5 Hz, Ph-4), 150.06 (d, 1JCF =  
243.6 Hz, Ph-2), 151.45 (CH2CHCH2). 
• 11B{1H} NMR (thf-d8, 25 °C): δ = –14.73. 
• 19F{1H} NMR (thf-d8, 25 °C): δ = –164.8
• Anal. Calcd. for C47H42BF20O2SiY (1146.62 g.mol–1): C, 49.23; H, 3.69. Found: C, 49.05
H, 3.90. 
 
[La(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]– (24)  
A thf solution (3 mL) of 8 (150 mg, 0.308 mmol) was 
treated at room temperature with a thf solution (3 mL) 
[NMe2PhH]+[B(C6F5)4]– (245 mg, 0.305 mmol). U
complete addition, the clear y
30 minutes, filtered and dried under vacuum
pentane (4 × 20 mL) and dried under vacuum to afford 24 (355 mg, 97 %) as a pale yellow
. 
• 
• 
La
thf
thf
B(C6F5)4
SiMe3
B(C6F5)4Y
thf
thf
SiMe3
 54 
 
Allyl Complexes Supported by thf 
Ph-1), 127.29, 131.84 (C5Me4SiMe3, C bound to Me4), 138.05 (d, 1JCF = 248.8 Hz,  
Ph-3), 140.07 (d, 1JCF = 243
243.6 Hz, Ph-2). 
• 11B{1H} NMR (thf-d8, 25 °C): δ =
• 19F{1H} NMR (thf-d8, 25 °C): δ =
 
[La(η3- H ]
 
stirred t –40 °C for 15 minutes. A thf solution of 
refully added on top of the cold 
solution, and the resulting mixture storred at –40 °C overnight. Diffraction-quality crystalline 
×
drying under vacuum afforded 25 (95 mg, 94 %) as a pale yellow solid. 
1H NMR (pyr-d5, 25 °C): δ = 1.64 (m, 24H, β-thf), 3.29 (d, 3JHH = 15.8 Hz, 2H, anti- 
H ), 3.67 (m, 24H, 4   3 -CH2CHCH2),  
6.92 (m, 1H, CH2CHCH2), 7.09 (t, 3
16H, Ph-3), 8.02 (br m, 16H, Ph-2). 
• 13C{1H} NMR (pyr-d5, 25 °C): δ = 25.91 (
(Ph-4), 126.24 (Ph-3), 137.
75H93B2LaO6 (1251.09 g.mol ): C, 72.00; H, 7.49. Found: C, 71.19; H,  
 
 
 
 
 
.6 Hz, Ph-4), 149.09 (CH2CHCH2) 150.09 (d, 1JCF =  
 –14.73. 
 –164.90, –161.37, –129.18. 
• Anal. Calcd. for C47H42BF20LaO2Si (1196.62 g.mol–1): C, 47.18; H, 3.54. Found: C, 47.32;  
H, 3.90. 
 
Dicationic mono(allyl) complexes. 
C3 5)(thf)6] [BPh4 2 (25) + –
A thf solution (4 mL) of 2 (30 mg, 0.0857 mmol) was treated at 
room temperature with a thf solution (2 mL) of
+ –[NEt3H] [BPh4]  (34 mg, 0.0814 mmol, 0.95 eq). Upon 
complete addition, the slightly turbid yellow solution was 
for five minutes, filtered and storred a
+ –[NEt3H] [BPh4]  (40 mg, 0.0942 mmol, 1.10 eq) was then ca
material could be collected the next day. Washing the crystals with pentane (2  10 mL) and 
• 
C 2CHCH2 α-thf), .11 (d, JHH = 8.5 Hz, 2H, syn
3JHH = 7.3 Hz, 8H, Ph-4), 7.24 (t, JHH = 7.5 Hz,  
β-thf), 67.95 (α-thf), 88.10 (CH2CHCH2), 122.46  
23 (Ph-2), 148.24 (CH2CHCH2), 165.04 (q, 1JBC = 49.4 Hz,  
Ph-1). 
• 11B{1H} NMR (pyr-d5, 25 °C): δ = –5.77.  
• Anal. Calcd. for C –1
7.75. 
 
La
thf
thfthf
thf thf
thf
2+
BPh4
2
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[Nd(η3
ed at 
room temperature with a thf solution (4 mL) of 
]– (169 mg, 0.4 mmol). Over the course of the 
ame turbid. After complete 
 
thf (2 × d pentane (2 × 10 mL) and dried under vacuum to afford 26 (195 mg, 78 %) 
s a pale green solid. 
(br s, 2H, anti-CH2CHCH2), 1.76 (m, 24H, β-thf), 3.74  
(m, 24H, α-thf), 7.25 (t, 3JHH = 6.8 Hz, 8H, Ph-4), 7.34 (t, 3JHH = 6.8 Hz, 16H, Ph-3),  
 14.73 (br s, 2H, syn-CH2CHCH2), 19.98 (br s, 1H, 
°C
3), 138.21 (Ph-2), 166.01 (q, 
be detected. 
 
 
 
 
 
 
-C3H5)(thf)6]+[BPh4]–2 (26) 
A thf solution (4 mL) of 3 (71 mg, 0.2 mmol) was treat
Nd
[NEt3H]+[BPh4
addition, the green solution bec
addition, the pale green suspension was stirred for ten minutes, filtered, the solid washed with
 5 mL) an
a
• 1H NMR (pyr-d5, 25 °C): δ = –0.47 
8.06 (br m, 16H, Ph-2),
CH2CHCH2). 
• 13C{1H} NMR (pyr-d5, 25 ): δ = 27.21 (β-thf), 69.15 (α-thf), 123.55 (Ph-4), 127.32 (Ph- 
1JBC = 49.5 Hz, Ph-1). No signal for the allyl group could 
• 11B{1H} NMR (pyr-d5, 25 °C): δ = –6.03.  
• Anal. Calcd. for C75H93B2NdO6 (1256.42 g.mol–1): C, 71.70; H, 7.46. Found: C, 71.56; H,  
7.28. 
 
 
 
 
 
 
 
thf
thfthf
thf thf
thf
2+
BPh4
2
 56 
 
Allyl Complexes Supported by thf 
B.1.5. References and Notes. 
 
(1) For recent examples, s
(2) Coutts, R. S. C.; Waile
(3) Tsutsui, M.; Ely, N. J.
anica Chimica Acta 1987, 139, 203. (c) Brunelli, M.; Poggio, S.; 
 
 
 Organomet. Chem. 1996, 513, 37. (g) Windisch, H.; Scholz, J.; Taube, 
(5) 
513, 49. (b) Taube, R.; Windisch, H.; Weißenborn, H.; Hemling, H.; 
, 548, 229. 
(7) ra, E.; Koyama, K.; Yasuda, H.; Kanehisa, N.; Kai, Y. J. Organomet. Chem. 
1999, 574, 40. (b) Simpson, C. K.; White, R. E.; Carlson, C. N.; Wrobleski, D. A.; 
Kuehl, C. J.; Croce, T. A.; Steele, I. M.; Scott, B. L.; Young, V. G. Jr.; Hanusa, T. P.; 
Sattelberger, A. P.; John, K. D. Organometallics 2005, 24, 3685. (c) White, R. E.; 
Hanusa, T. P.; Kucera, B. E. J. Am. Chem. Soc. 2006, 128, 9622. 
) (a) Kuehl, C. J.; Simpson, C. K.; John, K. D.; Sattelberger, A. P.; Carlson, C. N.; 
Hanusa, T. P. J. Organomet. Chem. 2003, 683, 149. (b) Woodman, T. J.; Schormann, 
M.; Hughes, D. L.; Bochmann, M. Organometallics 2003, 22, 3028. (c) Woodman, T. 
J.; Schormann, M.; Hughes, D. L.; Bochmann, M. Organometallics 2004, 23, 2972. 
) Sánchez-Barba, L. F.; Hughes, D. L.; Humphrey, S. M.; Bochmann, M. 
Organometallics 2005, 24, 5329. 
0) Sánchez-Barba, L. F.; Hughes, D. L.; Humphrey, S. M.; Bochmann, M. 
Organometallics 2005, 24, 3792. 
1) Maiwald, S.; Taube, R.; Hemling, H.; Schumann, H. J. Organomet. Chem. 1998, 552, 
195. 
(12) Taube, R.; Windisch, H.; Hemling, H.; Schumann, H. J. Organomet. Chem. 1998, 
555, 201. 
ee: Comprehensive Organometallic Chemistry 3rd edition. 
s, P. C. J. Organomet. Chem. 1970, 25, 117. 
 Am. Chem. Soc. 1975, 97, 3551. 
(4) (a) Mazzei, A. In Organometallics of the f-Elements; Marks, T. J., Fischer, R. D., Eds.; 
D. Reidel: Dordrecht, the Netherlands, 1979; p 379. (b) Huang, Z.; Chen, M.; Qiu, W.; 
Wu, W. Inorg
Pedretti, U.; Lugli, G. Inorganica Chimica Acta 1987, 131, 281. (d) Taube, R.;
Windisch, H.; Görlitz, F. H.; Schumann, S. J. Organomet. Chem. 1993, 445, 85. (e)
Taube, R.; Windisch, H. J. Organomet. Chem. 1994, 472, 71. (f) Taube, R.; Maiwald, 
S.; Sieler, J. J.
R.; Wrackmeyer, B. J. Organomet. Chem. 1996, 520, 23. 
(a) Taube, R.; Windisch, H.; Maiwald, S.; Hemling, H.; Schumann, H. J. Organomet. 
Chem. 1996, 
Schumann, H. J. Organomet. Chem. 1997
(6) Taube, R.; Maiwald, S.; Sieler, J. J. Organomet. Chem. 2001, 621, 327. 
(a) Iha
(8
(9
(1
(1
 57 
 
Allyl Complexes Supported by thf 
(13) (a) Wu, W.; Chen, M.; Zhou, P. Organometallics 1991, 10, 98. (b) Ajellal, N.; Furlan, 
L.; Thomas, C. M.; Casagrande, O. L.; Carpentier, J.-F. Macromol. Rapid Commun. 
 
  S. (Bayer AG, DE) German 
(16) 
(17) 
(18) 
 
(20) ; Spaniol, T. P.; Okuda, J. Eur. J. 
(22) 
(23) 
, X. F.; Baldamus, J.; 
 Robert, D.; Arndt, S.; Zeimentz, P. M.; Spaniol, T. 
(25) 5Me4SiMe3)(thf)4]2+[BPh4]–2 [Ln = Y, La, Nd, Sm, 
(26) irra, S.; Meetsma, A.; Hessen, B. Organometallics 2006, 25, 3454. 
2006, 27, 338. 
(14) Yu, N.; Nishiura, M.; Li, X.; Xi, Z.; Hou, Z. manuscript submitted. 
(15) (a) Windisch, H.; Sylvester, G.; Taube, R.; Maiwald,
Patent DE19720171A1, 1997. (b) Taube, R. In Metalorganic Catalysts for Synthesis 
and Polymerisation; Kaminsky, W., Ed.; Springer: Berlin, New York, 1999; p 531. 
Eisen, M. S.; Marks, T. J. J. Am. Chem. Soc. 1992, 114, 10358.  
(a) Arndt, S.; Spaniol, T. P.; Okuda, J. Angew. Chem. 2003, 115, 5229; Angew. Chem. 
Int. Ed. 2003, 42, 5075. (b) Elvidge, B. R.; Arndt, S.; Zeimentz, P. M.; Spaniol, T. P.; 
Okuda, J. Inorg. Chem. 2005, 44, 6777. 
Arndt, S.; Beckerle, K.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J. Angew. Chem. Int. 
Ed. 2005, 44, 7473. 
(19) Robert, D.; Kondracka, M.; Okuda, J. Dalton Trans., manuscript accepted; see also  
Chapter B.3. 
Kramer, M. U.; Robert, D.; Nakajima, Y.; Englert, U.
Inorg. Chem. 2007, 665. 
(21) The BCH2 signal could not be observed in similar complexes, see: Arndt, S.; Spaniol, 
T. P.; Okuda, J. Chem. Commun. 2002, 896. 
Compound 19 was already reported (in situ synthesis), see reference 17. 
(a) Arndt, S.; Spaniol, T. P.; Okuda, J. Organometallics 2003, 22, 775. (b) Luo, Y.; 
Baldamus, J.; Hou, Z. J. Am. Chem. Soc. 2004, 126, 13910. (c) Li
Hou, Z. Angew. Chem. Int. Ed. 2005, 44, 962. (d) Li, X. F.; Hou, Z. Macromolecules 
2005, 38, 6767. (e) L. Zhang, Y. Luo and Z. Hou, J. Am. Chem. Soc. 2005, 127, 
14562. (f) Hitzbleck, J.; Okuda, J. Organometallics 2007, 26, 3227. (g) Li, X.; 
Nishiura, M.; Mori, K.; Mashiko, T.; Hou, Z. Chem. Commun. 2007, 4137. 
(24) (a) Arndt, S.; Elvidge, B. R.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, Organometallics 
2006, 25, 793. (b) Kramer, M. U.;
P.; Yahia, A.; Maron, L.; Eisenstein, O.; Okuda, J. manuscript in preparation. 
The series of complexes [Ln(η5-C
Lu] has been characterised, see Chapter B.2. 
Bamb
(27) The samarium analogue was found to be isotypical; see reference 24b. 
 58 
 
Allyl Complexes Supported by thf 
(28) The monocationic species [Ln(η3-C3H5)2(thf)4]+[B(C6F5)4]– (Ln = La, Nd) were 
reported be active for the polymerisation of butadiene at 50 °C without addition of a 
cocatalyst, see reference 15b. 
, 69, 661. 
 
 
(29) Coutrot, P.; Pichon, R.; Salaun, J. Y.; Toupet, L. Can. J. Chem. 1991
(30) Hartmann, J.; Muthukrishnan, R.; Schlosser, M. Helv. Chim. Acta 1974, 57, 2261. 
 59 
 
Methyl Complexes Supported by thf 
 60
B.2. Neutral and Cationic Methyl Complexes Supported by thf.* 
 
B.2.1. Introduction. 
 
Apart from the series of mono- and dicationic thf-supported methyl complexes 
[LnMe2(thf)x]+[BPh4]– and [LnMe(thf)y]2+[BPh4]–2 reported in this group,1 few rare-earth 
monocationic methyl complexes bearing non-cyclopentadienyl ligands are known, bulky 
substituents such as neutral macrocycles2 or β-diketiminate ligands3 being required for their 
stabilisation (see Table B.2.1). So far, the only known half-sandwich methyl cationic species 
is the X-ray characterised scandium complex [Sc(η5-C5Me5)Me(tBu3P=O)(µ-Me)B(C6F5)3] 
reported by Piers et al as a contact ion-pair.4 Charge separated cationic half-sandwich methyl 
complexes of the rare-earth are so far unprecedent. 
 
Table B.2.1. Structurally characterised monocationic rare-earth methyl complexes. 
 
Compound Ln–Me (Å) Reference 
[Y(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (42) 2.374(3) this work 
[Sm(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (45) 2.399(5) this work 
[Lu(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (46) 2.336(6) this work 
   
trans-[YMe2(thf)5]+[BPh4]– 2.526(2) / 2.508(2) 1b 
[YMe2(12-crown-4)(thf)]+[BPh4]– 2.438(2) / 2.443(2) 1b 
cis-[LuMe2(thf)4]+[BPh4]– 2.343(3) / 2.347(3) 1c 
trans-[Y(BH4)Me(thf)5]+[BPh4]– 2.446(11) 1c 
[Sc(η5-C5Me5)Me(tBu3P=O)(µ-Me)B(C6F5)3] 2.201(2) / 2.529(11) a 4 
[Sc(nacnac)Me(µ-Me)B(C6F5)3] b 2.221(5) / 2.703(6) a 3 
[Sc(nacnac’)Me(η6-C6X5Br)]+[B(C6F5)4]– c,d 2.162(5) 3 
[Sc(nacnac’)Me(η6-C6H5CH3)]+[B(C6F5)4]– c 2.186(4) 3 
[Sc(nacnac’)(C6F5)(µ-Me)B(C6F5)3] c 2.699(4) 3 
[Sc(nacnac)R(µ-Me)B(C6F5)3] b,e 2.499(2) 3 
 
a first value for the terminal methyl group, second value for the bridging one. b nacnac =  
η3-ArNC(tBu)CHC(tBu)NAr; Ar = C6H3iPr2-2,6. c nacnac’ = η3-ArNC(Me)CHC(Me)NAr; Ar = C6H3iPr2-
2,6. d X = H, D. e R = CH2SiMe2CH2SiMe3. 
                                                 
* Published part of this chapter: (a) Kramer, M. U.; Robert, D.; Arndt, S.; Zeimentz, P. M.; Spaniol, T. P.; Yahia, 
A.; Maron, L.; Eisenstein, O.; Okuda, J. Inorg. Chem., manuscript accepted. (b) Robert, D; Spaniol, T. P.; 
Okuda, J. Eur. J. Inorg. Chem. 2008, 2801 (cover picture). 
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B.2.2. Results and Discussion. 
 
B.2.2.1. Neutral Half-Sandwich Aluminate Complexes. 
 
When the homoleptic aluminate precursors [Ln{(µ-Me)2(AlMe2)}3] [Ln = Y (27), La (28), Nd 
(29), Sm (30), Gd (31), Lu (32)]5 are treated with an equimolar amount of HC5Me4SiMe3 in 
pentane, gas evolution is immediately observed, and after work up, the monocyclopentadienyl 
bis(aluminate) species [Ln(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] [Ln = Y (33), La (34), Nd 
(35), Sm (36), Gd (37), Lu (38)] can be isolated as thermally stable microcrystalline solids in 
excellent yields (see Scheme B.2.1). 
 
Scheme B.2.1. 
 
 
 
 
 
 
 
 
All complexes bar 37 display a set of four signals in their 1H NMR spectrum: three signal for 
the cyclopentadienyl ring and a unique signal for the eight methyl groups, confirming their 
magnetic equivalence on the NMR timescale via fast exchange of the terminal and bridging 
groups.5a,6,8 Because of the paramagnetic nature of the gadolinium centre in 37, no 
spectroscopic data could be collected. However, diffraction quality crystals were grown from 
a saturated pentane solution. The geometry around the gadolinium centre is best described as 
distorted square pyramidal where enlarged angles are observed between two adjacent carbon 
belonging to different AlMe4 moieties [C13–Gd–C17 = 91.21(6)°, C14–Gd–C18 = 86.74(7)°; 
cf C13–Gd–C14 = 75.36(6)°, C17–Gd–C18 = 82.71(7)°] (see Figure B.2.1).  
As is observed in [La(η5-C5Me5){(µ-Me)2(AlMe2)}2]7 or, to a lesser extent, in  
[Lu(η5-C5Me5){(µ-Me)2(AlMe2)}2],8 the two AlMe4 groups in 37 display a rather different 
coordination geometry. 
 
 
Ln
Al
Al
Al
SiMe3
+
pentane
– AlMe3
– CH4
Ln
Al Al
SiMe3
Ln = Y (33)
Ln = La (34)
Ln = Nd (35)
Ln = Sm (36)
Ln = Gd (37)
Ln = Lu (38)
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Figure B.2.1. ORTEP view of [Gd(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (37). Displacement ellipsoids 
drawn at the 30% probability level. Only selected hydrogen atoms (refined in their positions) shown. 
Selected bond lengths (Å) and angles (°):Gd–C13 2.704(2), Gd–C14 2.720(2), Gd–C17 2.563(2), Gd–
C18 2.565(2), Gd···Al1 2.9367(9), Gd···Al2 3.1333(7), Al1–C13 2.056(2), Al1–C14 2.051(2), Al1–C15 
1.9557(19), Al1–C16 1.993(2), Al2–C17 2.092(2), Al2–C18 2.077(2), Al2–C19 1.977(2), Al2–C20 
1.979(2), Gd–Cpcent 2.393, Gd···C16 3.213; Gd–C13–Al1 74.81(6), Gd–C14–Al1 74.49(6), C13–Al1–
C14 107.66(9), C15–Al1–C16 114.42(9), Gd–C17–Al2 83.97(7), Gd–C18–Al2 84.21(7), C17–Al2–C18 
108.76(8), C19–Al2–C20 115.33(9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Whilst one AlMe4 moiety coordinates the metal centre in a classical η2-fashion with an almost 
planar Ln(µ-Me)2Al skeleton (torsion angle Ln–C–Al–C: Ln = La: 3.0°; Gd: 5.1°; Lu: 6°), the 
second aluminate moiety is strongly distorted towards an η3-coordination mode with rather 
smaller Ln–C–Al angles (torsion angle Ln–C–Al–C: Ln = La: 47.3°; Gd: 45.5°; Lu: 28°) and 
a short Ln···C contact between the metal centre and the carbon atom of a terminal methyl 
group [Ln = La: 3.140(3) Å; Gd: 3.213 Å; Lu: 3.447 Å]. It appears that the bending of the 
aluminate group and the length of the additional Ln···C contact vary proportionnaly to the 
ionic radius of the metal centre: the larger the metal, the smaller the Ln–C–Al angles and the 
shorter the Ln···C agostic contact. 
 
The scandium tris(tetramethylaluminate) is inaccessible via the common way of 
″trimethylaluminium-mediated [NMe2]→[AlMe4] transformation″.9 Repeated attempts to 
access it all failed to provide the desired compound. Direct reaction of ScCl3 with three 
equivalents of [Li(AlMe4)] (readily obtained by reaction of [AlMe3] with MeLi in Et2O) in 
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various non-coordinating solvents (dichloromethane, HMDSO, toluene) also failed to afford 
the homoleptic precursor [Sc{(µ-Me)2(AlMe2)}3] (see Scheme B.2.2).  
 
Scheme B.2.2. Solvent = CH2Cl2, HMDSO, toluene.  
 
 
 
 
 
 
 
An alternative was found with the use of the pentane soluble half-sandwich di(chloro) 
complex [Sc(η5-C5Me4SiMe3)Cl2(thf)2] (39),10 synthesised in thf from ScCl3 and 
[K(C5Me4SiMe3)] (see Scheme B.2.3). Reaction of 39 with two equivalents of [Li(AlMe4)] 
and two equivalents of [AlMe3] in toluene yields a red oil whose NMR spectroscopic data fit 
with the formula [Sc(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (40). Indeed, a broad signal typical 
for the AlMe4 moiety is observed in the 1H NMR at δ = –0.39 ppm in benzene-d6. The 
compound could however not be isolated in pure form. The introduction of [AlMe3] is 
required in order to abstract the two equivalents of thf coordinated in 39. This quantity of thf 
would be enough to induce the splitting of both AlMe4 moities in 40. 
 
Scheme B.2.3. 
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Indeed, if the same reaction is carried out without [AlMe3], a product of general formula 
[Sc(η5-C5Me4SiMe3)Me2]n (41) can be isolated as crystalline material from pentane. The  
1H NMR spectrum of 41 displays only the three signals of the cyclopentadienyl ring and a 
sharp singlet at δ = 0.13 ppm for the two methyl groups in benzene-d6. In addition, no 
coordination of thf is observed, suggesting an aggregated structure, as was first postulated on 
the basis of 89Y NMR11 and later confirmed by X-ray crystallography for  
[Y(η5-C5Me5)Me2]3.12 Mass spectrometry showed 41 to be a dimer, an intense signal being 
observed for m/z = 537.4, corresponding to the [M–H]+ fragment generated by  
[Sc(η5-C5Me4SiMe3)Me2]2.13 
Structural characterisation confirmed this information and revealed a dimeric compound of Ci 
symmetry in the solid state (see Figure B.2.2). A typical three-legged piano-stool geometry 
can be recognised around the metal centre,14 one of the two methyl groups being engaged in 
the bridging with the second half of the structure. 
  
Figure B.2.2. Molecular structure of [Sc(η5-C5Me4SiMe3)Me(µ-Me)}2] (41). Displacement ellipsoids 
drawn at the 30% probability level. Hydrogen atoms omitted for clarity. Prime atoms are related to the 
unprimed atoms by a centre of inversion located in the centre of the Sc–C1–Sc’–C1’ ring. Selected 
bond lengths (Å) and angles (°): Sc–C1 2.3129(15), Sc–C2 2.1982(15), Sc–C1’ 2.3415(16), Sc–Cpcent 
2.152, Sc···Sc’ 3.1392(5), Cpcent–Sc–C1 122.97(15); Cpcent–Sc–C2 117.45(15), Cpcent–Sc–C1’ 
114.61(15), C1–Sc–C2 103.38(6), C2–Sc–C1’ 98.61(6), C2–Sc–C1 95.18(5). 
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Thus, the Sc–C bond of the bridging methyl group is found longer than that of the terminal 
one by more than 0.11 Å [cf Sc–C1 = 2.3129(15) Å and Sc–C2 = 2.1982(15) Å], whilst an 
even longer contact is established with the methyl group belonging to the other half of the 
molecule [Sc–C1’ = 2.3415(16) Å]. The bond distance to the terminal methyl group is in the 
range of commonly observed values, like in [Sc(η5-C5Me5)Me2(tBu3P=O)] [2.251(2) Å and 
2.252(2) Å]4 or in neutral “nacnac” complexes where contacts of 2.225 Å on average are 
measured.15 
As 1H NMR data only revealed one signal for two equivalent methyl groups, the dimeric 
nature of 41 can be lost in solution with formation of a monomeric species of Cs symmetry. 
Alternatively, a fast exchange of the bridging and terminal methyl groups on the NMR 
timescale might explain the presence of a single signal for the two different methyl moieties. 
The protons attached to the bridging carbon atoms could be refined in their positions. The 
second half of the dimer being generated by the inversion centre located in the middle of the 
Sc–C1–Sc’–C1’ ring, the hydrogen atoms attached to C1 and C1’ were found in a staggered 
configuration. (see Figure B.2.3). 
 
Figure B.2.3. ORTEP view of the [Sc(µ-Me)2Sc] core in 41 showing the trigonal bipyramidal geometry 
around C1 and C1’ (left) and view along the C1–C1’ axis showing the staggered conformation of the 
hydrogen atoms at the bridging methyl groups (right). Displacement ellipsoids are drawn at the 50% 
probability level. Prime atoms are related to the unprimed atoms by a centre of inversion located in the 
centre of the ring. Selected bond lengths (Å) and angles (°): C1–H1a 0.916(19), C1–H1b 0.83(2), C1–
H1c 0.93(2); Sc–C1–H1a 90.0(12), Sc–C1–H1b 84.7(14), Sc–C1–H1c 167.4(12), H1a–C1–Sc’ 
125.2(11), Sc’–C1–H1b 134.3(14), H1b–C1–H1a 99.2(17).   
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A distorted trigonal bipyramidal geometry can be recognised around the five-coordinate 
bridging carbon centre C1. The hydrogen atom H1c and the scandium centre Sc occupy the 
axial positions [Sc–C1–H1c = 167.4(12)°], whilst the equatorial plane is formed by H1a, H1b 
and the second scandium centre Sc’ (ΣX–C1–X = 358.7°). The position of the protons H1a and 
H1b deviates considerably from the ideal one, so that two weak agostic contacts are 
established between the Lewis acidic metal centre and the protons of the bridging group  
[Sc–H1a = 2.487 Å, Sc–H1b = 2.381 Å]. These values are much longer than the direct 
contacts measured in the donor-functionalised half-sandwich complex  
[Sc{(η5-C5H3(SiMe2NtBu-κN)-1-(CH2CH2NMe2-κN)-3}(µ-H)]216 (2.04 Å mean) or in the 
benzamidinate system [Sc{PhC(NSiMe3)2}(µ-H)]2 [1.94 Å mean].17 They fall in the range of 
distances observed in the poly(hydride) species [{Lu(η5-C5Me4SiMe3)(µ-H)2}4] [from 1.98(8) 
Å to 2.70(5) Å].18,19 
The marked tilting of two protons out of three toward the metal centre observed in the 
bridging CH3 fragments in 41 is a consequence of the Ci symmetry of the structure. Indeed, in 
the symmetric dimer [(AlMe3)2]-d18, the three protons of the bridging methyl group are 
related to each other by a C3 rotation axis which bisects the Al–Cb–Al’ angle.20 Similarly, the 
yttrocene complex [{Y(η5-C5H5)2Me}2] displays bridging methyl groups in which the 
hydrogen atoms and the carbon atom are arranged in a tetrahedral fashion, independently of 
the metal centres.21 
On the contrary, methyl groups bridging two inequivalent moieties display hydrogen atoms 
that are not regularly arranged around the carbon atom. Thus, in the neodymium aluminate 
species [Nd{(µ-Me)2(AlMe2)}3(Al2Me6)0.5]22 and [Nd(NiPr2){(µ-NiPr2)(µ-Me)(AlMe2)}{(µ-
Me)2(AlMe2)}],23 two protons out of three in every bridging methyl group were found tilted 
toward the neodymium centre, thus establishing twelve and six Nd···H agostic contacts in the 
solid state, respectively. In both cases, the steric requirements of the large neodymium cation 
are satisfied to the detriment of the Lewis acidic character of the aluminium centre. 
Consequently, the protons of the two bridging methyl groups belonging to the same  
[Nd(µ-Me)2Al] fragment are in an eclipsed configuration. 
The situation in 41 appears to be intermediate between that encountered in symmetric and 
non-symmetric bridged compounds. Even though the two halves of the compound are of 
identical composition, the Ci symmetry of 41 induces: 
-the staggered disposition of the protons attached to the bridging carbon atoms C1 and 
C1’ (as observed in symmetrically bridged species such as [(AlMe3)2]-d18 or  
[{Y(η5-C5H5)2Me}2]); 
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 -the unusual trigonal bipyramidal geometry around the bridging carbon atoms (as 
observed in asymmetrically bridged species such as [Nd{(µ-Me)2(AlMe2)}3(Al2Me6)0.5] or 
[Nd(NiPr2){(µ-NiPr2)(µ-Me)(AlMe2)}{(µ-Me)2(AlMe2)}]). 
 
B.2.2.2. Monocationic Half-Sandwich Methyl Complexes. 
  
The ease with which the [Ln(µ-Me)2(AlMe2)] moiety can be dissociated into a neutral 
molecule of [AlMe3] and a [Ln-Me] fragment in presence of donor molecules such as ether, 
thf or pyridine makes it useful as “methyl complex” precursor.9,21,24,25 Thus, upon treatment of 
the neutral half-sandwich bis(aluminate) complexes 33–36 and 38 with a substochiometric 
amount of the Brønsted acid [NEt3H]+[BPh4]– in thf, the monocationic derivatives  
[Ln(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– [Ln = Y (42), La (43), Nd (44), Sm (45), Lu (46)] can 
be isolated in good yields and very high purity as thermally robust, [AlMe3]-free,  
thf-supported monocationic species (see Scheme B.2.4). Complexes 42–46 are therefore the 
first examples of charge-separated cationic half-sandwich methyl species. 
 
Scheme B.2.4. 
 
 
 
 
 
 
 
 
Complex 42 can also be synthesised, in lower yield however, by salt elimination reaction of 
the dicationic methyl precursors [YMe(thf)6]2+[BPh4]–2 with a stoichiometric amount of 
[K(C5Me4SiMe3)] (see Equation B.2.1).  
 
Equation B.2.1. 
 
BPh4[Ln(η5-C5Me4SiMe3)(AlMe4)2] [NEt3H]
+[BPh4]– Ln
SiMe3
Me
O
O
O
Ln = Y (42)
Ln = La (43)
Ln = Nd (44)
Ln = Sm (45)
Ln = Lu (46)
thf
[YMe(thf)6)]2+[BPh4]–2 + [K(C5Me4SiMe3)] [Y(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]–thf– KBPh4
42
Methyl Complexes Supported by thf 
 68
Crystals suitable for X-ray diffraction analysis could be obtained for complex 42, 45 and 46 
from saturated thf solutions. Selected geometric parameters are summarised in Table B.2.2. 
Despite the large ionic radius difference between lutetium and samarium (10 pm for CN 6 and 
ON 3),26 the three compounds show the same formal coordination number of five and adopt a 
distorted square pyramidal geometry (see Figure B.2.4). 
 
Table B.2.2. Selected bond distances (Å) and bond angles (°) for [Y(η5-C5Me4SiMe3)(thf)3]+[BPh4]– 
(42), [Sm(η5-C5Me4SiMe3)(thf)3]+[BPh4]– (45) and [Lu(η5-C5Me4SiMe3)(thf)3]+[BPh4]– (46) 
 
 [Y(η
5-C5Me4SiMe3)- 
Me(thf)3]+[BPh4]– (42) 
[Sm(η5-C5Me4SiMe3)- 
Me(thf)3]+[BPh4]– (45) 
[Lu(η5-C5Me4SiMe3)- 
Me(thf)3]+[BPh4]– (46) 
Ln–C1 2.374(3) 2.399(5) 2.336(6) 
Ln–O1 2.3757(18) 2.454(3) 2.300(4) 
Ln–O2 2.3479(18) 2.434(3) 2.359(4) 
Ln–O3 2.3808(18) 2.456(3) 2.322(4) 
Ln–Cpcent 2.359 2.419 2.311 
C1–Ln–O1 85.46(8) 85.29(14) 85.65(19) 
O1–Ln–O2 78.22(6) 78.35(11) 77.30(15) 
O2–Ln–O3 75.41(6) 75.00(11) 75.26(15) 
O3–Ln–C1 83.78(8) 83.99(14) 83.58(19) 
Cpcent–Ln–C1 107.82 105.04 114.62 
Cpcent–Ln–O1 112.23 112.75 108.50 
Cpcent–Ln–O2 127.92 131.60 116.68 
Cpcent–Ln–O3 108.94 108.12 116-63 
 
 
The arrangement of the three thf molecules and the methyl group in the base plane of the 
structure is very similar in all three products. However, the SiMe3 group at the 
cyclopentadienyl ligand is found in two different positions: above the portion of plane defined 
by O1, Ln and O2 in 42 and 45, and between C1 and O3 in 46, as it could be expected given 
the relative steric bulks of the methyl group and the thf molecule. Enlarged Cpcent–Ln–O2 
angles are therefore observed for the thf molecule nearest to the SiMe3 group in 42 and 45 
(Cpcent–Y–O2 = 127.92°, cf 114.23° mean in 42; Cpcent–Sm–O2 = 131.60°, cf 108.64° mean in 
45). As a result of the reduced steric hindrance aroud the methyl group, no particular 
influence of the SiMe3 group on the geometry of the structure can be seen in 46, with very 
similar Cpcent–Lu–X (X = thf, Me) angles. The Ln–Me bond distances are rather short 
compared to those already reported yttrium complexes (see Table B.2.1), indicating a tight 
bonding of the methyl group to the cationic metal centre.
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Figure B.2.4. ORTEP representation of the top view (above) and standard view (below) of the cationic part of [Y(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (42) (left), 
[Sm(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (45) (centre) and [Lu(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (46) (right). Displacement ellipsoids drawn at the 30% probability 
level. Hydrogen atoms omitted for clarity. 
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In thf-d8, the 1H NMR spectrum of the yttrium derivative 42 shows a doublet at  
–0.74 ppm for the protons of the methyl group coupling with the yttrium centre, and a well-
resolved quartet (2JYH = 2.1 Hz in both 1H and 89Y NMR) is observed in the 1H-coupled 89Y 
NMR spectrum at 265.3 ppm (see Figure B.2.5). In the 13C{1H} NMR spectrum, a doublet is 
observed at 26.6 ppm, with 1JYC = 55.8 Hz. Smaller coupling constants were observed in other 
monocationic yttrium alkyl complexes (cf [YMe2(thf)5]+[BPh4]–: 46.8 Hz;1b 
[YMe(BH4)(thf)5]+[BPh4]–: 51.2 Hz;1c [Y(CH2SiMe3)2(thf)4]+[BPh4]–: 41.2 Hz;1a all values 
measured in thf-d8). 
 
Figure B.2.5. 89Y and 89Y{1H} NMR spectra (inset) of [Y(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (42) in thf-d8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As a result of the contribution of the positive charge at the yttrium centre, this value appears 
to be slightly shifted to high field (∆δ = –47.3 ppm) from the value observed for the neutral 
parent 33 (312.6 ppm in thf-d8). This observation confirms the trend initially observed in 89Y 
NMR chemical shifts for the series of alkyl complexes [Y(CH2SiMe3)n(thf)m](3–n)+[BPh4]–(3–n) 
in which successive abstraction of the alkyl groups from the neutral tri(alkyl) resulted in  
up-field shifts of the resonance of –223 and –251 ppm respectively (see Table B.2.3).1a,27 
In the lutetium complex 46, a singlet at –0.72 ppm is observed for the methyl group, whilst 
the samarium derivative 45 gives rise to a broad signal at 7.01 ppm. 
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Table B.2.3. 89Y{1H} NMR chemical shifts (ppm) for neutral, mono- and dicationic derivatives of the 
same series. 
 
Compound Shift Solvent Reference 
[Y(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (33) 171.5 benzene-d6 this work 
[Y(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (33) 312.6 thf-d8 this work 
[Y(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (42) 265.3 thf-d8 this work 
[Y(η5-C5Me4SiMe3)(thf)4]2+[BPh4]–2 (47) 45.0 pyridine-d5 this work 
[Y(CH2SiMe3)3(thf)2] 882.7 thf-d8 1a 
[Y(CH2SiMe3)2(thf)4]+[BPh4]– 660.0 thf-d8 1a 
[Y(CH2SiMe3)(thf)5]2+[BPh4]–2 409.2 pyridine-d5 1a 
 
 
B.2.2.3. Dicationic Half-Sandwich Complexes. 
 
Direct treatment of the neutral complexes with two equivalents of the Brønsted acid 
[NEt3H]+[BPh4]– in thf leads to full abstraction of the methyl groups (see Scheme B.2.5). 
Thus, dicationic species of the type [Ln(η5-C5Me4SiMe3)(thf)n]2+[BPh4]–2 [Ln = Y (47), La 
(48), Nd (49), Sm (50), Lu (51)] were isolated. 
 
Scheme B.2.5. 
 
 
 
 
 
 
 
 
 
Apart from the lanthanum complex 48 which was found to be thf-soluble, complexes 47 and 
49–51 could all be obtained as diffraction quality material by slow diffusion of a thf solution 
of [NEt3H]+[BPh4]– into a thf solution of the monocationic parent species at –40 °C. 
Compounds 47 was first isolated from reaction of a four-fold excess of the Brønsted acid 
[NEt3H]+[BPh4]– with the hydride cluster [{Y(η5-C5Me4SiMe3)}4(µ-H)4(µ3-H)4(thf)2] in thf-d8 
in an attempt to access a monocationic hydride species.28 
[Ln(η5-C5Me4SiMe3)(AlMe4)2]
BPh4Ln
SiMe3
O
O
O
Ln = Y (47), n = 1
Ln = La (48), n = 2
Ln = Nd (49), n = 2
Ln = Sm (50), n = 2
Ln = Lu (51), n = 1
O
2+
2
2 [NEt3H]+[BPh4]–
thf n
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B.2.2.4. Dicationic Methyl Complexes. 
 
As shown in Scheme B.2.6, reaction of two equivalents of [NEt3H]+[BPh4]– with the 
homoleptic aluminates of the largest lanthanoids 28, 30 and 31 results in clean and rapid 
formation of the methyl dicationic complexes [LnMe(thf)6]2+[BPh4]–2 [Ln = La (52); Sm (53); 
Gd (54)]. The important difference of ionic radius when going from the small metal centres 
(Sc, Y, Ho) to the larger ones (Gd, Sm, La) might lead to interesting structural features which 
are investigated here.  
 
Scheme B.2.6. 
 
 
 
 
 
 
Thanks to the diamagnetism of compound 52 and despite its very low solubility in thf-d8, 
characterisation by 1H, 11B and 13C NMR can be carried out. In the 1H NMR spectrum, the 
methyl group gives rise to a singlet at –0.30 ppm, but the corresponding carbon signal is not 
observed. In pyridine-d5, 52 undergoes instantaneous C–D bond activation of the solvent, 
leading to disappearance of the CH3 signal at –0.30 ppm and simultaneous formation of 
CH3D, easily identified by its 1:1:1 triplet at 0.11 ppm. 
Being as little soluble in thf as 52 and strongly paramagnetic in addition, compounds 53 and 
54 were only characterised by elemental analyses and 1H NMR. However, the signal of the 
methyl group cannot be localised and no clear evidence for their existence can be drawn from 
spectroscopic data. Repeated crystallisation attempts of 53 systematically leads to the 
formation of twinned crystals, whose structure could not be determined. Diffraction quality 
crystals of compound 54 were grown overnight by slow diffusion of a thf solution of 
[NEt3H]+[BPh4]– into a thf solution of the in situ generated monocationic species 
[GdMe2(thf)x]+[BPh4]–. Compound 54 was found to adopt a regular pentagonal bipyramidal 
geometry in the solid state (see Figure B.2.6), as already observed for the yttrium, holmium 
and dysprosium analogues.1b-c 
 
 
 
[Ln{(µ-Me)2(AlMe2)}3] + 2 [NEt3H]+[BPh4]–
Ln = La (52)
Ln = Sm (53)
Ln = Gd (54)
[LnMe(thf)6]2+[BPh4]–2
thf
– CH4
– NEt3
– AlMe3
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Figure B.2.6. ORTEP view of the cationic part of [GdMe(thf)6]2+[BPh4]–2 (54). Displacement ellipsoids 
drawn at the 30% probability level. Hydrogen atoms omitted for clarity. Selected bond angles (Å) and 
angles (°): Gd–C25 2.392(9), Gd–O1 2.405(7), Gd–O2 2.455(7), Gd–O3 2.382(7), Gd–O4 2.466(6), 
Gd–O5 2.383(7), Gd–O6 2.487(6); C1–Gd–O6 175.2(3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
In an attempt to avoid twinning in the crystals, [NEt3H]+[B(C6H4F)4]– was used instead of 
[NEt3H]+[BPh4]– with the homoleptic precursors 28–30. Thus, the ion-pairs 
[LnMe(thf)6]2+[B(C6H4F)4]–2 [Ln = La (55); Nd (56); Sm (57)] were isolated as crystalline 
materials (see Scheme B.2.7). Quantitative yields of diffraction quality crystals of 55 can be 
obtained within a few hours, whilst crystalline 56 and 57 could only be isolated in poor yield. 
 
Equation B.2.7. 
 
 
 
 
 
 
The low quality of the crystals of 56 prevented its solid state characterisation. Unlike all other 
structurally characterised methyl dications [LnMe(thf)x]2+[BPh4]–2 which adopt regular 
octahedral (n = 5) or pentagonal bipyramidal (n = 6) geometries (see Table B.2.4), the six thf 
molecules in the isostructural species 55 and 57 were found to approximate a distorted 
octahedron, capped on one face by the methyl group (see Figure B.2.7). 
[Ln{(µ-Me)2(AlMe2)}3]
[LnMe(thf)6]2+[B(C6H4F)4]–2
thf
– CH4
– AlMe3
– NEt3
+  2 [NEt3H]+[B(C6H4F)4]–
Ln = La (55)
Ln = Nd (56)
Ln = Sm (57)
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Table B.2.4. Structurally characterised thf-supported monomethyl dicationic complexes 
[LnMe(thf)n]2+[B(C6H4X)4]–2 (X = H, F). 
 
Ln r (pm) a n Geometry Ln–Me (Å) Ln–O min / max / mean (Å) Reference 
Tm b 88 5 O c 2.37(3) 2.34(2) / 2.294(9) / 2.297 1c 
Y b 90 6 PBP d 2.418(3) 2.352(3) / 2.427(3) / 2.394 1a 
Ho b 90 6 PBP 2.378(4) 2.365(2) / 2.445(3) / 2.408 1b 
Dy b 91 6 PBP 2.411(9) 2.397(6) / 2.484(6) / 2.441 1c 
Gd (54) b 94 6 PBP 2.392(9) 2.382(7) / 2.487(6) / 2.430 this work 
Sm (57) e 96 6 CO f 2.381(8) 2.412(4) / 2.602(4) / 2.508 this work 
La (55) e 103 6 CO  2.457(6) 2.498(3) / 2.680(4) / 2.593 this work 
 
a Ionic radius for CN 6 and ON 3. b X = H. c Octahedral. d Pentagonal Bipyramidal. e X = F. f Capped 
Octahedral. 
 
Figure B.2.7. ORTEP view of the cationic part of [LaMe(thf)6]2+[B(C6H4F)4]–2 (55) (left) and view along 
the C1–Sm bond of the cationic part of [SmMe(thf)6]2+[B(C6H4F)4]–2 (57) (right). Displacement 
ellipsoids drawn at the 30% probability level. Hydrogen atoms omitted for clarity. Asterisks denote the 
oxygen atoms located above the samarium centre. Selected bond lengths (Å) in 55: La–C1 2.456(6), 
La–O1 2.497(3), La–O2 2.556(2), La–O3 2.578(4), La–O4 2.583(5), La–O5 2.679(3), La–O6 2.664(3). 
In 57: Sm–C1 2.374(9), Sm–O1 2.479(7), Sm–O2 2.410(4), Sm–O3 2.474(4), Sm–O4 2.520(x), Sm–
O5 2.575(5), Sm–O6 2.602(5). 
 
 
 
The Ln–Me bond lengths in 55 and 57 [2.381(8) Å and 2.457(6) Å, respectively] were found 
shorter than expected given the atomic radii of the SmIII and LaIII metal centres and the values 
measured in analogous dicationic methyl complexes of smaller metals [cf 2.418(3) Å in the 
Ln = Sm
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yttrium species]. This shows the influence of the coordination geometry on the structural 
parameters: the capped-octahedral geometry allows a stronger contact with the methyl group, 
but decreases the strength of the interaction with the thf molecules, whilst a regular 
pentagonal bipyramidal geometry has the reverse effect. Indeed, the shorter Ln–Me contacts 
observed in 55 and 57 are mirrored by elongated Ln–O bond distances. 
 
Complexes 52 and 53, as well as the already described neodymium analogue 
[NdMe(thf)6]2+[BPh4]–2 (58) were reacted with an equimolar amount of benzophenone 
according to Scheme B.2.8. Insertion of the C=O bond into the Ln–Me bond yielded the 
alkoxy-compounds [Ln{OCMePh2}(thf)6]2+[BPh4]–2 [Ln = La (59); Nd (60); Sm (61)]. 
Sudden precipitation of the target compound is observed in all three cases after less than one 
minute at room temperature. The methyl group in 59 and 61 appears very clearly in the 1H 
NMR spectra in pyridine-d5 [Ln = La, 2.20 ppm; Sm, 4.14 ppm], serving as efficient probe for 
the existence of complexes 52 and 53.29 In the case of the neodymium derivative 60, many 
low-field signals were observed in the 1H NMR spectrum, of which no unambiguous 
assignement could be done. No clear evidence for the conversion of the dicationic species 58 
into the alkoxy-complex 60 could thus be drawn from spectroscopic data, even though 
elemental analyses were found to be consistent with the proposed formula for 60. 
 
Scheme B.2.8. 
 
 
 
 
 
B.2.2.5. 1,3-Butadiene Polymerisation. 
 
Upon activation with one equivalent of [Ph3C]+[B(C6F5)4]– (TB) and in the presence of five 
equivalents of tiba, complexes 34, 35 and 37 all catalyse the polymerisation of butadiene in a 
stereoselective way (see Table B.2.5). A dependence of the stereoselectivity on the ionic 
radius of the metal centre in the catalyst was observed. Thus, mainly 1,4-cis PB is obtained 
with 31 (run 9). The lanthanum and neodymium analogues 34 and 35 give an increased 
content of 1,4-trans units (runs 3 and 7, respectively).30 The catalytic system 34/TB was 
found inactive at –40 °C even with a reaction time of four hours. Upon addition of a second 
equivalent of TB to 34 or 35, deactivation of the catalytic system was observed (run 6 and run 
[LnMe(thf)6)]2+[BPh4]–2 + PhC(O)Ph
Ln = La (59)
Ln = Nd (60)
Ln = Sm (61)
[Ln{OCMePh2}(thf)6]2+[BPh4]–2
thf
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8), consistent with the abstraction of the two methyl groups at the metal centre and formation 
of an inactive dicationic half-sandwich species.31 Very narrow molecular-weight distributions 
were obtained with 34 (1.05–1.09), whilst much less control was achieved by its neutral 
parent 28 (Mn/Mw = 2.45) which also afforded low molecular-weights (Mn = 7000 g.mol–1). In 
the case of the gadolinium systems, going from the neutral homoleptic precursor 31 to the 
half-sandwich species 37 induces a great increase in stereoselectivity (from 42.2 to 91.1% 
1,4-cis), accompanied however by a loss in control (Mn/Mw from 3.09 to 4.24). 
 
Table B.2.5. 1,3-Butadiene polymerisation catalysed by complexes 28, 34, 35, 31 and 37 activated by 
[Ph3C]+[B(C6F5)4]– (TB).a 
 
Run catalyst activator [BD]/[cata] t b T c Yield d microstructure e Mn f Mn/Mw 
1 34 1 eq. 200 5 19 0 - - - 
2 34 1 eq. 200 10 19 67 8.5 / 90.9 / 0.6 19 1.08 
3 34 1 eq. 200 15 19 77 7.5 / 91.9 / 0.6 24 1.05 
4g 34 1 eq. 1000 15 19 95 15.1 / 84.8 / 0.1 66 1.09 
5 34 1 eq. 200 240 –40 0 - - - 
6 34 2 eq. 200 15 19 11 9.4 / 90.1 / 0.5 5 1.20 
7 35 1 eq. 200 15 19 82 69.1 / 30.2 / 0.7 28 1.20 
8 35 2 eq. 200 15 19 0 - - - 
9 37 1 eq. 200 15 19 68 91.1 / 8.2 / 0.7 49 4.24 
10 28 1 eq. 200 15 19 16 16.5 / 83.3 / 0.2 7 2.45 
11 31 1 eq. 200 15 19 40 42.2 / 57.3 / 0.5 23 3.09 
 
a Conditions: 50 µmol catalyst; solvent: toluene; vtotal = 21 mL. b Reaction time in minutes. c in °C. d 
isolated polymer. e ratio 1,4-cis / 1,4-trans / 1,2. f in g.mol–1. g vtotal = 36 mL. 
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B.2.3 Conclusion. 
 
Tris(tetramethyl)aluminate complexes of the rare-earth metals [Ln{(µ-Me)2(AlMe2)}3] are 
usefull precursors for the access to a variety of alkyl species (see Scheme B.2.9): 
 -half-sandwich bis(aluminate) complexes are generated by reaction with one 
equivalent of HC5Me4SiMe3; the scandium analogue [Sc(η5-C5Me4SiMe3){(µ-
Me)2(AlMe2)}2] could be accessed, but not isolated in pure form. The dimeric species  
[Sc(η5-C5Me4SiMe3)Me(µ-Me)}2] was obtained by donor-induced cleavage of the AlMe4 
moieties in its bis(aluminate) parent; 
 -reaction of the aforementioned half-sandwich species with one or two equivalent(s) 
of Brønsted acid affords the corresponding cationic cyclopentadienyl methyl and dicationic 
cyclopentadienyl derivatives, respectively. The cationic half-sandwich species are good 
precursors for the butadiene polymerisation catalysis; 
 -dicationic methyl species are obtained by direct reaction with two equivalents of 
Brønsted acid. 
 
Scheme B.2.9. 
BPh4
[Ln(η5-C5Me4SiMe3)(AlMe4)2]
[NEt3H]+[BPh4]–
Ln
SiMe3
Me
O
O
O
2 [NEt3H]+[BPh4]–
BPh4Ln
SiMe3
O
O
O
O
2+
2
[Ln{(µ-Me)2(AlMe2)}3]
2 [NEt3H]+[B(C6H4X)4]–[HC5Me4SiMe3]
B(C6H4X)4Ln
2+
2
thf
thfthf
thf thf
thf
Me
Butadiene polymerisation
n
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B.2.4. Experimental Section. 
 
General Considerations 
 
[Ln{(µ-Me)2(AlMe2)}3] (Ln = Y, La, Nd, Sm, Gd and Lu) (27–32),5 [YMe(thf)6]2+[BPh4]–2,1 
[Sc(η5-C5Me4SiMe3)Cl2(thf)2] (39),10 [HC5Me4SiMe3]32 and [K(C5Me4SiMe3)]33 were 
prepared according to literature procedures. 
 
Neutral half-sandwich bis(aluminate) complexes. 
 
General procedure A for the preparation of [Ln(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (33–
38): To a pentane solution (6 mL) of [Ln{(µ-Me)2(AlMe2)}3] was slowly added at room 
temperature a pentane solution (4 mL) of one equivalent of [HC5Me4SiMe3] under vigorous 
stirring. Gas evolution was instantaneously observed, and after stirring for 20 minutes, the 
solution was filtered. The volatiles were then removed under vacuum to leave oily products 
that crystallised within one hour to yield the pure and microcrystalline compounds. 
 
[Y(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (33) 
Following the general procedure A, [Y{(µ-Me)2(AlMe2)}3] (700 mg, 
2 mmol) was reacted with [HC5Me4SiMe3] (389 mg, 2 mmol) to yield 
33 (809 mg, 89%) as a light yellow powder. 
• 1H NMR (benzene-d6, 25 °C): δ = –0.29 (d, 2JYH = 2.0 Hz, 24H, 
AlMe4), 0.23 (s, 9H, SiMe3), 1.74, 1.99 (s, 6H, C5Me4).  
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 0.31 (br, AlMe4), 2.16 (SiMe3), 12.06, 14.97  
(C5Me4), 119.00 (C5Me4SiMe3, C bound to SiMe3), 127.82, 131.46 (C5Me4SiMe3, C  
bound to Me4). 
• 89Y{1H} NMR (benzene-d6, 25 °C): δ = 171.5. 
• 89Y{1H} NMR (thf-d8, 25 °C): δ = 312.6. 
• Anal. Calc. for C20H45Al2SiY (456.52 g.mol–1): C, 52.62; H, 9.94. Found: C, 52.18; H, 9.71. 
 
[La(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (34) 
Following the general procedure A, [La{(µ-Me)2(AlMe2)}3] (600 mg, 
1.5 mmol) was reacted with [HC5Me4SiMe3] (292 mg, 1.5 mmol) to 
yield 34 (722 mg, 95%) as a light yellow powder.     
Y
SiMe3
Al Al
La
SiMe3
Al Al
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• 1H NMR (benzene-d6, 25 °C): δ = –0.25 (s, 24H, AlMe4), 0.24 (s, 9H, SiMe3), 1.81, 
2.09 (s, 6H, C5Me4). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 2.18 (SiMe3), 2.36 (br, AlMe4), 11.83, 14.97  
(C5Me4), 122.83 (C5Me4SiMe3, C bound to SiMe3), 130.21, 134.01 (C5Me4SiMe3, C  
bound to Me4). 
• Anal. Calc. for C20H45Al2LaSi (506.53 g.mol–1): C, 47.42; H, 8.95. Found: C, 47.44; H,  
9.04. 
 
[Nd(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (35) 
Following the general procedure A, [Nd{(µ-Me)2(AlMe2)}3] (608 mg, 
1.5 mmol) was reacted with [HC5Me4SiMe3] (292 mg, 1.5 mmol) to 
yield 35 (660 mg, 86%) as a light blue powder. 
• 1H NMR (benzene-d6, 25 °C): δ = –3.03 (br s, 9H, SiMe3), 5.24 (br 
s, 24H, AlMe4), 8.83, 14.61 (br s, 6H, C5Me4). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = –20.05, –10.71 (C5Me4), 8.95 (SiMe3), 232.57 (br,  
AlMe4), 237.72, 254.15 (C5Me4SiMe3, C bound to Me4). The signal of the carbon  
bound to the SiMe3 group was not detected. 
• Anal. Calc. for C20H45Al2NdSi (511.86 g.mol–1): C, 46.93; H, 8.86. Found: C 45.36, H 8.92. 
 
[Sm(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (36) 
Following the general procedure A, [Sm{(µ-Me)2(AlMe2)}3] (412 mg, 
1 mmol) was reacted with [HC5Me4SiMe3] (195 mg, 1 mmol) to yield 
36 (503 mg, 97%) as a deep red powder. 
• 1H NMR (benzene-d6, 25 °C): δ = –3.14 (br s, 24H, AlMe4), –0.64 
(s, 9H, SiMe3), –0.13, 2.69 (s, 6H, C5Me4). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = –19.53 (br, AlMe4), 0.47 (SiMe3), 14.92, 21.65  
(C5Me4), 110.71 (C5Me4SiMe3, C bound to SiMe3), 122.27, 129.57 (C5Me4SiMe3, C  
bound to Me4). 
• Anal. Calc. for C20H45Al2SiSm (518.01 g.mol–1): C, 46.37; H, 8.76. Found: C, 45.83; H,  
8.92. 
 
 
 
 
Nd
SiMe3
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[Gd(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (37) 
Following the general procedure A, [Gd{(µ-Me)2(AlMe2)}3] (418 mg, 
1 mmol) was reacted with [HC5Me4SiMe3] (195 mg, 1 mmol) to yield 
37 (427 mg, 82%) as a white powder. Crystals suitable for X-ray 
diffraction were grown from a saturated pentane solution at –35 °C. 
Due to the paramagnetism of the gadolinium centre, no NMR data could be obtained for this 
compound. 
• Anal. Calc. for C20H45Al2GdSi (524.87 g.mol–1): C, 45.77; H, 8.64. Found: C, 45.21; H,  
9.16. 
 
[Lu(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (38) 
Following the general procedure A, [Lu{(µ-Me)2(AlMe2)}3] (655 mg, 
1.5 mmol) was reacted with [HC5Me4SiMe3] (292 mg, 1.5 mmol) to 
yield 38 (622 mg, 76%) as a pale yellow powder. 
• 1H NMR (benzene-d6, 25 °C): δ = –0.13 (s, 24H, AlMe4), 0.23 (s, 
9H, SiMe3), 1.77, 2.01 (s, 6H, C5Me4). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 1.69 (br, AlMe4), 2.16 (SiMe3), 12.02, 14.85  
(C5Me4), 117.45 (C5Me4SiMe3, C bound to SiMe3), 126.53, 130.10 (C5Me4SiMe3, C  
bound to Me4). 
• Anal. Calc. for C20H45Al2LuSi (542.59 g.mol–1): C, 44.27; H, 8.36. Found: C, 43.54; H,  
8.23. 
 
Half-sandwich scandium species. 
 
[Sc(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (40) 
To a toluene suspension (3 mL) of [Li(AlMe4)] (188 mg, 2.00 mmol) and [AlMe3] (144 mg, 
2.00 mmol) was slowly added at room temperature a toluene solution (5 mL) of  
[Sc(η5-C5Me4SiMe3)Cl2(thf)2] (453 mg, 1 mmol). After stirring overnight, the mixture was 
filtered and dried under vacuum to afford 40 as an orange oil. 
• 1H NMR (benzene-d6): δ = –0.39 (br s, 24H, AlMe4), 0.28 (s, 9H, SiMe3), 1.78 (s, 6 H,  
C5Me4), 2.11 (s, 6H, C5Me4). 
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[Sc(η5-C5Me4SiMe3)(µ-Me)Me]2 (41) 
 To a toluene suspension (3 mL) of [Li(AlMe4)] (193 mg, 
2.05 mmol) was slowly added at room temperature a toluene 
solution (5 mL) of [Sc(η5-C5Me4SiMe3)Cl2(thf)2] (453 mg, 1 
mmol). After stirring overnight, the mixture was filtered, 
dried under vacuum, and the resulting pale yellow solid 
extracted with pentane (2 × 4 mL). After filtration, the clear solution was stored at –40 °C, 
whereupon 41 (180 mg, 44%) could be isolated as diffraction quality crystals within a few 
hours.  
• 1H NMR (benzene-d6, 25 °C) : δ = 0.13 (s, 6H, ScMe), 0.36 (s, 9H, SiMe3), 1.89, 2.25 (s,  
6H, C5Me4).  
• 13C{1H} NMR (benzene-d6, 25 °C) : δ = 2.13 (SiMe3), 11.62, 15.13 (C5Me4), 120.18  
(C5Me4SiMe3, C bound to SiMe3), 126.31, 130.58 (C5Me4SiMe3, C bound to Me4). 
• Anal. Calcd. for C28H54Sc2Si2 (536.82 g.mol-1): C, 62.65 ; H, 10.14. Found : C, 60.49 ;  
H, 9.60. 
 
Monocationic half-sandwich methyl complexes 
 
General procedure B for the preparation of [Ln(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (42–46): 
To a thf solution of [Ln(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] was slowly added at –35 °C a 
thf solution of [NEt3H]+[BPh4]– under vigorous stirring. After addition, the clear solution was 
allowed to warm up to room temperature and stirred for 30 minutes. The volatiles were then 
removed under vacuum. Washing the oily residue with pentane (3 × 10 mL) and drying 
afforded the desired compound as microcrystalline solid. 
 
[Y(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (42) 
Following the general procedure B, 33 (809 mg, 1.77 mmol) 
in thf (15 mL) was reacted with a thf solution (15 mL) of 
[NEt3H]+[BPh4]– (747 mg, 1.77 mmol) to afford 42 as an off-
white powder (1335 mg, 91%). Crystals suitable for X-ray 
diffraction were obtained by cooling down to –35 °C a saturated thf solution of 42. 
• 1H NMR (thf-d8, 25 °C): δ = –0.74 (d, 2JYH = 2.1 Hz, 3H, YMe), 0.30 (s, 9H, SiMe3), 1.77  
(m, 12H, β-thf), 1.99, 2.13 (s, 6H, C5Me4), 3.62 (m, 12H, α-thf), 6.73 (t, 3JHH = 7.3  
Y
thf
thf
Me
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SiMe3
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Me
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Hz, 4H, Ph-4), 6.87 (t, 3JHH = 7.3 Hz, 8H, Ph-3), 7.27 (br m, 8H, Ph-2). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 2.35 (SiMe3), 11.35, 14.19 (C5Me4), 26.16 (β-thf), 26.6  
(d, 1JYC = 55.8 Hz, YMe), 68.21 (α-thf), 110.97 (C5Me4SiMe3, C bound to SiMe3),  
121.85 (Ph-4), 125.08, 129.57 (C5Me4SiMe3, C bound to Me4) 125.69 (Ph-3), 137.11  
(Ph-2), 165.20 (q, 1JBC = 49.4 Hz, Ph-1). 
• 11B{1H} NMR (thf-d8, 25 °C): δ = –6.57. 
• 89Y NMR (thf-d8, 25 °C): δ = 265.3 (q, 2JYH = 2.1 Hz). 
• Anal. Calc. for C49H68BO3SiY (832.87 g.mol–1): C, 70.66; H, 8.23; Y, 10.67. Found: C,  
70.00; H, 8.36; Y, 10.45. 
 
[La(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (43) 
Following the general procedure B, 34 (101 mg, 0.2 mmol) in 
thf (3 mL) was reacted with a thf solution (3 mL) of 
[NEt3H]+[BPh4]– (76 mg, 0.18 mmol) to afford 43 as a yellow 
powder (120 mg, 76%). 
• 1H NMR (thf-d8, 25 °C): δ = –0.61 (s, 3H, LaMe), 0.27 (s, 9H, SiMe3), 1.77 (m, 12H, β-thf),  
1.97, 2.13 (s, 6H, C5Me4), 3.62 (m, 12H, α-thf), 6.72 (t, 3JHH = 7.3 Hz, 4H, Ph-4),  
6.86 (t, 3JHH = 7.3 Hz, 8H, Ph-3), 7.27 (br m, 8H, Ph-2). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 2.86 (SiMe3), 11.64, 14.69 (C5Me4), 26.37 (β-thf), 68.22  
(α-thf), 117.95 (C5Me4SiMe3, C bound to SiMe3), 121.63 (Ph-4), 125.69 (Ph-3),  
126.20, 130.05 (C5Me4SiMe3, C bound to Me4), 137.10 (Ph-2), 165.12 (q, 1JBC = 49.4  
Hz, Ph-1). The signal of the carbon atom of the methyl group bound to the lanthanum 
centre could not be detected. 
• 11B{1H} NMR (thf-d8, 25 °C): δ = –6.56. 
• Anal. Calc. for C49H68BlaO3Si (882.88 g.mol–1): C, 66.66; H, 7.76. Found: C, 65.55; H,  
6.98. 
 
[Nd(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (44) 
Following the general procedure B, 35 (103 mg, 0.20 mmol) 
in thf (3 mL) was reacted with a thf solution (3 mL) of 
[NEt3H]+[BPh4]– (76 mg, 0.18 mmol) to afford 44 as a pale 
green powder (125 mg, 78%). 
• 1H NMR (thf-d8, 25 °C): δ = 0.26 (br s, 9H, SiMe3), 1.74 (br s, 12H, β-thf), 3.43 (br s, 6H,  
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C5Me4), 3.53 (br s, 12H, α-thf), 6.57 (br s, 12H, Ph-3 + Ph-4), 6.74 (br s, 8H, Ph-2), 
12.48 (br s, 6H, CpMe4). The signal of the methyl group bound to the neodymium 
centre could not be detected. 
• 13C{1H} NMR (thf-d8, 25 °C): δ = –19.93, –11.03 (C5Me4), 10.69 (SiMe3), 26.61 (β-thf),  
68.26 (α-thf), 121.77 (Ph-4), 125.51 (Ph-3), 136.82 (Ph-2), 164.82 (q, 1JBC = 49.6 Hz,  
Ph-1), 203.98, 214.53 (br, C5Me4SiMe3, C bound to Me4), 251.34 (C5Me4SiMe3, C 
bound to SiMe3). The signal of the carbon atom of the methyl group bound to the 
neodymium centre could not be localised. 
• 11B{1H} NMR (thf-d8, 25 °C): δ = –7.00. 
• Anal. Calc. for C49H68BO3NdSi (888.21 g.mol–1): C, 66.26; H, 7.72. Found: C, 63.97; H,  
7.33. 
 
[Sm(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (45) 
Following the general procedure B, 36 (104 mg, 0.20 mmol) 
in thf (3 mL) was reacted with a thf solution (3 mL) of 
[NEt3H]+[BPh4]– (76 mg, 0.18 mmol) to afford 45 as a pink 
powder (94 mg, 58%). 
• 1H NMR (thf-d8, 25 °C): δ = 0.11 (s, 9H, SiMe3), 1.19, 1.81 (s, 6H, C5Me4), 1.78 (m, 12H,  
β-thf), 3.62 (m, 12H, α-thf), 6.73 (t, 3JHH = 7.3 Hz, 4H, Ph-4), 6.86 (t, 3JHH = 7.3 Hz,  
8H, Ph-3), 7.01 (br s, 3H, SmMe), 7.25 (br m, 8H, Ph-2). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 1.80 (SiMe3), 15.56, 17.52 (C5Me4), 26.33 (β-thf), 68.22  
(α-thf), 106.67 (C5Me4SiMe3, C bound to SiMe3), 121.84 (Ph-4), 123.29, 125.35  
(C5Me4SiMe3, C bound to Me4) 125.65 (Ph-3), 137.08 (Ph-2), 165.10 (q, 1JBC = 49.3  
Hz, Ph-1). The signal of the carbon atom of the methyl group bound to the samarium 
centre could not be localised. 
• 11B{1H} NMR (thf-d8, 25 °C): δ = –6.59. 
• Anal. Calc. for C49H68BO3SiSm (894.33 g.mol–1): C, 65.81; H, 7.66. Found: C, 64.99; H,  
7.68. 
 
[Lu(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (46) 
Following the general procedure B, 38 (163 mg, 0.30 mmol) 
in thf (3 mL) was reacted with a thf solution (3 mL) of 
[NEt3H]+[BPh4]– (114 mg, 0.27 mmol) to afford 46 as a pale 
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yellow powder (232 mg, 94%). 
• 1H NMR (thf-d8, 25 °C): δ = –0.70 (s, 3H, LuMe), 0.29 (s, 9H, SiMe3), 1.77 (m, 12H, β- 
thf), 2.01, 2.14 (s, 6H, C5Me4), 3.62 (m, 12H, α-thf), 6.72 (t, 3JHH = 7.5 Hz, 4H, Ph- 
4), 6.86 (t, 3JHH = 7.5 Hz, 8H, Ph-3), 7.27 (br m, 8H, Ph-2). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 2.55 (SiMe3), 11.69, 14.40 (C5Me4), 26.37 (β-thf), 30.94  
(LuMe), 68.22 (α-thf), 116.71 (C5Me4SiMe3, C bound to SiMe3), 121.86 (Ph-4),  
124.45, 128.97 (C5Me4SiMe3, C bound to Me4) 125.70 (Ph-3), 137.12 (Ph-2), 165.13  
(q, 1JBC = 49.3 Hz, Ph-1). 
• 11B{1H} NMR (thf-d8, 25 °C): δ = –6.57. 
• Anal. Calc. for C49H68BO3LuSi (918.94 g.mol–1): C, 64.05; H, 7.46. Found: C, 63.17; H,  
7.49. 
 
 
Dicationic half-sandwich complexes 
 
General procedure C for the preparation of [Ln(η5-C5Me4SiMe3)(thf)y]2+[BPh4]–2 (47–51): To 
a thf solution (5 mL) of [Ln(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] was slowly added at  
–35 °C a thf solution (5 mL) of two equivalents of [NEt3H]+[BPh4]– under vigorous stirring, 
and the resulting clear solution allowed to warm up to room temperature. Within five minutes, 
the desired dicationic complexes precipitated out of the thf solution. Decanting of the 
solution, washing with thf (2 × 10 mL) and with pentane (2 × 10 mL) yielded the compounds 
as microcrystalline solids. The lanthanum being thf-soluble, direct recrystallisation from a 
thf/pentane mixture afforded 48. 
 
[Y(η5-C5Me4SiMe3)(thf)4]2+[BPh4]–2 (47) 
Following the general procedure B, 33 (91 mg, 0.20 mmol) 
was treated with [NEt3H]+[BPh4]– (169 mg, 0.40 mmol). 
Workup yielded 47 as a white powder (174 mg, 72%). 
• 1H NMR (pyridine-d5, 25 °C): δ = 0.09 (s, 9H, SiMe3), 
1.60 (m, 16H, β-thf), 1.79, 1.94 (s, 6H, C5Me4), 3.64 (m, 16H, α-thf), 7.09 (t, 3JHH = 
7.3 Hz, 8H, Ph-4), 7.25 (t, 3JHH = 7.3 Hz, 16H, Ph-3), 8.04 (br m, 16H, Ph-2). 
• 13C{1H} NMR (pyridine-d5, 25 °C): δ = 2.00 (SiMe3), 12.83, 15.96 (C5Me4), 25.84 (β-thf),  
67.86 (α-thf), 122.43 (Ph-4), 126.26 (Ph-3), 129.93, 134.89 (C5Me4SiMe3, C bound  
to Me4), 137.22 (Ph-2), 165.05 (q, 1JBC = 49.4 Hz, Ph-1). The signal of the carbon  
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atom bound to the SiMe3 group could not be localised, due to overlaping with a  
pyridine signal. 
• 11B{1H} NMR (pyridine-d5, 25 °C): δ = –5.74. 
• 89Y{1H} NMR (pyridine-d5, 25 °C): δ = 45.0. 
• Anal. Calc. for C76H93B2O4SiY (1209.18 g.mol–1): C, 75.49; H, 7.75; Y, 7.35. Found: C,  
74.17; H, 7.97; Y, 7.22. 
 
[La(η5-C5Me4SiMe3)(thf)5]2+[BPh4]–2 (48) 
Following the general procedure B, 34 (102 mg, 0.20 
mmol) was treated with [NEt3H]+[BPh4]– (169 mg, 0.40 
mmol). The thf-soluble product could be recovered from 
the reaction mixture after standing two days at –40 °C as 
diffraction quality colourless needles (80 mg, 29%). 
• 1H NMR (pyridine-d5, 25 °C): δ = 0.07 (s, 9H, SiMe3), 1.61 (m, 20H, β-thf), 1.90, 2.09 (s,  
6H, C5Me4), 3.64 (m, 20H, α-thf), 7.08 (t, 3JHH = 7.3 Hz, 8H, Ph-4), 7.25 (t, 3JHH =  
7.3 Hz, 16H, Ph-3), 8.04 (br m, 16H, Ph-2). 
• 13C{1H} NMR (pyridine-d5, 25 °C): δ = 1.95 (SiMe3), 12.24, 15.33 (C5Me4), 25.86 (β-thf),  
67.88 (α-thf), 122.43 (Ph-4), 125.82 (C5Me4SiMe3, C bound to SiMe3), 126.26 (Ph- 
3), 131.81, 136.37 (C5Me4SiMe3, C bound to Me4), 137.21 (Ph-2), 165.05 (q, 1JBC =  
49.4 Hz, Ph-1). 
• 11B{1H} NMR (pyridine-d5, 25 °C): δ = –5.74. 
• Anal. Calc. for C80H101B2LaO5Si (1331.30 g.mol–1): C, 72.18; H, 7.65. Found: C, 71.68; H,  
8.03. 
 
[Nd(η5-C5Me4SiMe3)(thf)5]2+[BPh4]–2 (49) 
Following the general procedure B, 35 (77 mg, 0.15 mmol) 
was treated with [NEt3H]+[BPh4]– (128 mg, 0.30 mmol). 
Workup yielded 49 as a light green powder (133 mg, 66%). 
• 1H NMR (pyridine-d5, 25 °C): δ = –0.43 (s, 9H, SiMe3), 
1.70 (m, 20H, β-thf), 3.74 (m, 20H, α-thf), 7.14 (t, 3JHH = 7.3 Hz, 8H, Ph-4), 7.28 (t, 
3JHH = 7.3 Hz, 16H, Ph-3), 8.00 (br m, 16H, Ph-2), 12.30, 16.92 (s, 6H, C5Me4). 
• 13C{1H} NMR (pyridine-d5, 25 °C): δ = –13.29, –6.46 (C5Me4), 14.08 (SiMe3), 26.24 (β- 
thf), 68.26 (α-thf), 122.74 (Ph-4), 126.55 (Ph-3), 137.45 (Ph-2), 165.25 (q, 1JBC = 49.8  
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Hz, Ph-1). The signals of the carbon atoms bound to the SiMe3 group and to the  
methyl groups of the cyclopentadienyl ring could not be localised. 
• 11B{1H} NMR (pyridine-d5, 25 °C): δ = –5.77. 
• Anal. Calc. for C80H101B2NdO5Si (1336.62 g.mol–1): C, 71.89; H, 7.62. Found: C, 71.51; H,  
7.54. 
 
[Sm(η5-C5Me4SiMe3)(thf)5]2+[BPh4]–2 (50) 
Following the general procedure B, 36 (104 mg, 0.20 
mmol) was treated with [NEt3H]+[BPh4]– (169 mg, 0.40 
mmol). Workup yielded 50 as a purple powder (225 mg, 
80%). 
• 1H NMR (pyridine-d5, 25 °C): δ = –0.16 (s, 9H, SiMe3), 0.73 (s, 6H, C5Me4), 1.63 (m, 20H,  
β-thf), 2.30 (s, 6H, C5Me4), 3.67 (m, 20H, α-thf), 7.11 (t, 3JHH = 7.3 Hz, 8H, Ph-4),  
7.27 (t, 3JHH = 7.3 Hz, 16H, Ph-3), 8.05 (br m, 16H, Ph-2). 
• 13C{1H} NMR (pyridine-d5, 25 °C): δ = 0.84 (SiMe3), 16.07, 21.24 (C5Me4), 25.85 (β-thf),  
67.88 (α-thf), 116.12 (C5Me4SiMe3, C bound to SiMe3), 122.44 (Ph-4), 125.78  
(C5Me4SiMe3, C bound to Me4), 126.24 (Ph-3), 132.84 (C5Me4SiMe3, C bound to  
Me4), 137.19 (Ph-2), 165.05 (q, 1JBC = 49.4 Hz, Ph-1). 
• 11B{1H} NMR (pyridine-d5, 25 °C): δ = –5.74. 
• Anal. Calc. for C80H101B2O5SiSm (1342.75 g.mol–1): C, 71.56; H, 7.58. Found: C, 71.77; H,  
7.88. 
 
[Lu(η5-C5Me4SiMe3)(thf)4]2+[BPh4]–2 (51) 
Following the general procedure B, 38 (109 mg, 0.20 
mmol) was treated with [NEt3H]+[BPh4]– (169 mg, 0.40 
mmol). Workup yielded 51 as a white powder (171 mg, 
66%). 
• 1H NMR (pyridine-d5, 25 °C): δ = 0.24 (s, 9H, SiMe3), 1.61 (m, 16H, β-thf), 1.95, 2.16 (s,  
6H, C5Me4), 3.65 (m, 16H, α-thf), 7.08 (t, 3JHH = 7.3 Hz, 8H, Ph-4), 7.24 (t, 3JHH =  
7.3 Hz, 16H, Ph-3), 8.03 (br m, 16H, Ph-2). 
• 13C{1H} NMR (pyridine-d5, 25 °C): δ = 2.10 (SiMe3), 12.18, 15.32 (C5Me4), 25.87 (β-thf),  
67.89 (α-thf), 122.47 (Ph-4), 123.24 (C5Me4SiMe3, C bound to SiMe3), 126.26 (Ph- 
3), 130.41, 134.76 (C5Me4SiMe3, C bound to Me4), 137.17 (Ph-2), 165.05 (q, 1JBC =  
49.4 Hz, Ph-1). 
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• 11B{1H} NMR (pyridine-d5, 25 °C): δ = –5.76. 
• Anal. Calc. for C76H93B2LuO4Si (1295.24 g.mol–1): C, 70.48; H, 7.24. Found: C, 71.10; H,  
7.28. 
 
Dicationic methyl complexes 
 
[LaMe(thf)6]2+[BPh4]–2 (52) 
To a thf solution (3 mL) of 28 (300 mg, 0.75 mmol) was 
slowly added at room temperature a thf solution (6 mL) of 
[NEt3H]+[BPh4]– (633 mg, 1.5 mmol). Sudden precipitation 
of a white product was observed after addition of half of the 
solution of acid. After complete addition, the suspension was stirred for five minutes. The 
product was then decanted, washed with thf (3 × 10 mL) and pentane (2 × 10 mL) and dried 
under vacuum, affording 52 (757 mg, 78%) as an off-white powder. 
Crystals suitable for X-ray diffraction analysis were obtained as follows: in a vial, 28 (50 mg, 
0.125 mmol) in thf (1 mL) was treated at room temperature with [NEt3H]+[BPh4]– (0.9 eq., 50 
mg, 0.119 mmol); the resulting clear solution was stirred for five minutes and then stored at  
–40 °C for ten minutes. The cold solution was carefully layered with a thf solution (1 mL) of 
[NEt3H]+[BPh4]– (1.1 eq., 56 mg, 0.131 mmol) and immediately cooled down to –40 °C. 
Numerous plates suitable for X-ray diffraction analysis appeared within one hour.  
• 1H NMR (thf-d8, 25 °C, 110 scans) : δ = –0.30 (s, LaMe), 1.77 (m, 24H, β-thf), 3.61 (m,  
24H, α-thf), 6.73 (t, 3JHH = 7.3 Hz, 4H, Ph-4), 6.87 (t, 3JHH = 7.8 Hz, 8H, Ph-3), 7.27  
(br m, 8H, Ph-2). 
• 13C{1H} NMR (thf-d8, 25 °C) : δ = 26.39 (β-thf), 68.22 (α-thf), 121.79 (Ph-4), 125.79 (Ph- 
3), 137.17 (Ph-2), 165.17 (q, 1JBC = 49.3 Hz, Ph-1). The signal of the carbon of the 
methyl group could not be localised. 
• 11B NMR (thf-d8, 25 °C) : δ = –6.57. 
• 1H NMR (pyr-d5, 25 °C, t = 5 minutes) : δ = 0.11 (t 1:1:1, 2JHD = 2.0 Hz, CH3D), 0.77 (s,  
LaMe), 1.63 (m, 24H, β-thf), 3.66 (m, 24H, α-thf), 7.08 (t, 3JHH = 7.0 Hz, 4H, Ph-4),  
7.24 (t, 3JHH = 7.2 Hz, 8H, Ph-3), 8.03 (br m, 8H, Ph-2). 
• 11B NMR (pyr-d5, 25 °C) : δ = –5.75. 
• Anal. Calcd. for C73H91B2LaO6 (1225.05 g.mol-1): C, 71.57 ; H, 7.49. Found : C, 72.04 ; H,  
7.66. 
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[SmMe(thf)6]2+[BPh4]–2 (53) 
Complex 30 (180 mg, 0.437 mmol) in thf (4 mL) was 
successively treated with two thf solutions (4 mL each) of 
[NEt3H]+[BPh4]–: first 0.9 equivalent (162 mg, 0.384 mmol) 
and second 1.1 equivalent (207 mg, 0.491 mmol). Large red 
plates grew overnight. Washing with thf (2 × 5 mL) and pentane (2 × 5 mL) and drying under 
vacuum afforded 53 (476 mg, 88%) as deep red crystalline material. Due to low solubility of 
the product in thf-d8 and immediate C-D activation in pyridine-d5, no NMR data could be 
collected. 
• Anal. Calcd. for C73H91B2O6Sm (1236.50 g.mol-1): C, 70.91 ; H, 7.42. Found : C, 69.86 ; H,  
7.46. 
 
[GdMe(thf)6]2+[BPh4]–2 (54) 
Complex 31 (80 mg, 0.191 mmol) in thf (4 mL) was 
successively treated with two thf solutions (4 mL each) of 
[NEt3H]+[BPh4]–: first 0.9 equivalent (73 mg, 0.172 mmol) 
and second 1.1 equivalent (89 mg, 0.210 mmol). A large 
quantity of diffraction quality colourless blocks grew overnight. Washing with thf (2 × 5 mL) 
and pentane (2 × 5 mL) and drying under vacuum afforded 54 (152 mg, 64%) as white 
crystalline material. Due to paramagnetism of the product, no NMR data could be collected. 
• Anal. Calcd. for C73H91B2GdO6 (1243.39 g.mol-1): C, 70.52 ; H, 7.38. Found : C, 69.94 ; H,  
7.39. 
 
[LaMe(thf)6]2+[B(C6H4F)4]–2 (55) 
Complex 28 (60 mg, 0.15 mmol) in thf (1 mL) was 
successively treated with two thf solutions (1 mL each) 
of [NEt3H]+[B(C6H4F)4]–: first 0.9 equivalent (67 mg, 
0.135 mmol) and second 1.1 equivalent (81 mg, 0.165 
mmol). Crystalline blocks suitable for X-ray diffraction analysis grew overnight. Washing 
with thf (2 × 5 mL) and pentane (2 × 5 mL) and drying under vacuum afforded 55 (155 mg, 
72%) as colourless material. 
• 1H NMR (thf-d8, 25 °C) : δ = –0.22 (s, LaMe), 1.77 (m, 24H, β-thf), 3.61 (m, 24H, α-thf),  
6.60 (t, 3JHH = 9.3 Hz, 16H, C6H4F-3), 7.16 (m, 16H, C6H4F-2).  
• 13C NMR (thf-d8, 25 °C) : δ = 26.39 (β-thf), 68.22 (α-thf), 112.22 (Ph-4), 137.66 (Ph-3),  
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159.44 (q, 1JBC = 50.3 Hz, Ph-1), 162.06 (Ph-2). The signal of the carbon of the  
methyl group could not be localised. 
• 19F NMR (thf-d8, 25 °C) : δ = –121.6. 
• Anal. Calcd. for C73H83B2F8LaO6 (1368.98 g.mol-1): C, 64.05 ; H, 6.11. Found : C, 64.16 ;  
H, 6.10. 
 
[NdMe(thf)6]2+[B(C6H4F)4]–2 (56) 
Complex 29 (60 mg, 0.148 mmol) in thf (1 mL) was 
successively treated with two thf solutions (1 mL each) 
of [NEt3H]+[B(C6H4F)4]–: first 0.9 equivalent (66 mg, 
0.133 mmol) and second 1.1 equivalent (80 mg, 0.163 
mmol). Crystalline blocks grew over a period of two weeks. Washing with thf (1 × 5 mL) and 
pentane (2 × 5 mL) and drying under vacuum afforded 56 (35 mg, 17%) as green crystals. 
Due to low solubility of the product in thf-d8 and immediate C-D activation in pyridine-d5, no 
NMR data could be collected. 
• Anal. Calcd. for C73H83B2F8NdO6 (1374.31 g.mol-1): C, 63.80 ; H, 6.09. Found : C, 63.42 ;  
H, 6.21. 
 
[SmMe(thf)6]2+[B(C6H4F)4]–2 (57) 
Complex 30 (60 mg, 0.146 mmol) in thf (1 mL) was 
successively treated with two thf solutions (1 mL each) 
of [NEt3H]+[B(C6H4F)4]–: first 0.9 equivalent (65 mg, 
0.131 mmol) and second 1.1 equivalent (79 mg, 0.161 
mmol). A few crystalline blocks of 57 suitable for X-ray diffraction analysis grew over a 
period of two weeks. No further characterisation of the product was carried out. 
 
[La{OCMePh2}(thf)6]2+[BPh4]–2 (59) 
 Complex 52 (194 mg, 0.159 mmol) was suspended in thf (2 
mL). Solid benzophenone (29 mg, 0.159 mmol) was added at 
once at room temperature. The turbid suspension became 
slightly clearer, and within one minute, a sudden precipitation 
of white product was observed. The suspension was left 
stiring for a further five minutes, then filtered over a fritt, washed with thf (1 × 5 mL) and 
pentane (2 × 5 mL), and dried under vacuum to afford 59 as a white powder (159 mg, 76%). 
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• 1H NMR (pyr-d5, 25 °C) : δ = 1.61 (m, 20H, β-thf), 2.14, 2.20 (s, 3H together, OCMePh2),  
3.65 (m, 20H, α-thf), 7.08 (t, 3JHH = 7.0 Hz, 8H, Ph-4), 7.24 (t, 3JHH = 7.3 Hz, 16H,  
Ph-3), 7.30 to 7.64 (various m, 10H, OCMePh2), 8.03 (m, 16H, Ph-2). 
• 13C NMR (pyr-d5, 25 °C) : δ = 25.9 (β-thf), 33.2 (OCMePh2), 68.0 (α-thf), 85.4  
(OCMePh2), 122.4 (Ph-4), 126.2 (q, 3JBC = 3.0 Hz, Ph-3), 127.0, 127.6, 128.1,  
128.7, 150.2 (all OCMePh2), 137.2 (Ph-2), 165.0 (q, 1JBC = 49.4 Hz, Ph-1). 
• 11B NMR (pyr-d5, 25 °C) : δ = –4.24. 
• Anal. Calcd. for C86H101B2LaO7 (1407.28 g.mol-1): C, 73.40 ; H, 7.23. Found : C, 72.96 ; H,  
7.06. 
 
[Nd{OCMePh2}(thf)6]2+[BPh4]–2 (60) 
 Complex 58 (100 mg, 0.768 mmol) in thf (4 mL) was 
reacted with benzophenone (16 mg, 0.845 mmol). Workup 
afforded 60 (55 mg, 51%) as a white powder. The non 
negligible solubility of 60 in thf was responsible for an 
important loss of compound during the washing. 1H NMR 
signals could not be unambiguously attributed. 
• Anal. Calcd. for C86H101B2NdO7 (1412.61 g.mol-1): C, 73.12 ; H, 7.21. Found : C, 72.92 ;  
H, 6.81. 
 
[Sm{OCMePh2}(thf)6]2+[BPh4]–2 (61)      
Complex 53 (100 mg, 0.0809 mmol) in thf (4 mL) was 
reacted with benzophenone (16 mg, 0.0820 mmol). Workup 
afforded 61 (85 mg, 78%) as an off-white powder. 
• 1H NMR (pyr-d5, 25 °C) : δ = 1.62 (m, 20 H, α-thf), 3.66 
(m, 20 H, β-thf), 4.14, 4.99 (br s, 3 H, OCMePh2), 7.08 (t, 
3JHH = 7.1 Hz, 8H, Ph-4), 7.25 (t, 3JHH = 7.5 Hz, 16H, Ph-3), 7.30 to 9.60 (various m, 10H, 
OCMePh2), 8.03 (m, 16H, Ph-2). 
• Anal. Calcd. for C86H101B2O7Sm (1418.73 g.mol-1): C, 72.81 ; H, 7.18. Found : C, 71.85 ;  
H, 6.79. 
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B.3. Monocationic Bis(borohydride) Complexes Supported by thf.*
 
B.3.1. Introduction. 
  
Despite the versatility of their neutral parents in the polymerisation catalysis of numerous 
monomers,1 cationic borohydride complexes of the lanthanoids are so far rare species (see 
Table B.3.1). The neutral yttrium2 and lanthanum3 tris(borohydrides) were reported to 
disproportionate into the ion-pair [Ln(BH4)2(thf)x]+[Ln(BH4)4(thf)y]– (Ln = Y, x = 4, y = 0; 
La, x = 5, y = 2) in the solid state.4 Recently, the unexpected formation in toluene of the 
charge-separated, structurally characterised ion-pair [Sm(BH4)2(thf)5]+[Sm(η5-
C5Me4nPr)(BH4)3]– was reported.5 In these cases, the formation of the ion-pair does not result 
from the abstraction of a borohydride group by a protic reagent. Nonetheless, the protonolysis 
of a borohydride moiety within a neodymium complex has been shown to be possible by 
Ephritikhine and coworkers.6  
 
Table B.3.1. Structurally characterised cationic borohydride complexes of the rare-earth metals. 
 
Compound Formation process Reference 
[Y(BH4)2(thf)4]+[Y(BH4)4]– Disproportionation 2a 
[La(BH4)2(thf)5]+[La(BH4)4(thf)2]– Disproportionation 3 
[Sm(BH4)2(thf)5]+[Sm(η5-C5Me4nPr)(BH4)3]– Unidentified 5 
   
[Y(BH4)2(thf)5]+[BPh4]– (67) Protonolysis this work 
[La(BH4)2(thf)5]+[BPh4]– (68) Protonolysis this work 
[Nd(BH4)2(thf)5]+[BPh4]– (69) Protonolysis this work 
[Sm(BH4)2(thf)5]+[BPh4]– (70) Protonolysis this work 
[Lu(BH4)2(thf)5]+[BPh4]– (71) Protonolysis this work 
 
 
 
 
 
 
 
 
                                                 
* Published part of this chapter: Robert, D.; Kondracka, M.; Okuda, J. Dalton Trans., 2008, 2667. 
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B.3.2. Results and Discussion. 
 
B.3.2.1. Monocationic Bis(borohydride) Complexes. 
 
As shown in Scheme B.3.1, reaction of one equivalent of [NEt3H]+[BPh4]– with rare-earth 
tris(borohydride) [Ln(BH4)3(thf)3] [Ln = Y (62), La (63), Nd (64), Sm (65), Lu (66)] in thf 
affords the monocationic bis(borohydride) species [Ln(BH4)3(thf)5]+[BPh4]– [Ln = Y (67), La 
(68), Nd (69), Sm (70), Lu (71)] with elimination of H2 and BH3 (or its Lewis base adduct 
BH3.NEt3).  
 
Scheme B.3.1. 
 
[Ln(BH4)3)(thf)3] + [NEt3H]+[BPh4]– [Ln(BH4)2(thf)5]+[BPh4]–
thf
– H2
– BH3
– NEt3 Ln = Y (67)Ln = La (68)
Ln = Nd (69)
Ln = Sm (70)
Ln = Lu (71)
 
 
 
 
 
 
 
11B NMR proved to be a valuable tool for the characterisation of the monocationic species 
67–71 where the signal of the borohydride groups appears slightly shifted high-field 
compared to the value recorded for the neutral parent species 62–66 (see Table B.3.2). At 
room temperature, the neutral lutetium tris(borohydride) displays two distinct signals in  
thf-d8, evidencing the inequivalence of the three BH4 groups on the NMR timescale, whilst 
the two BH4 moieties in the monocationic derivative 71 give rise to only one signal. 
 
Table B.3.2. 11B chemical shifts (ppm) of the BH4 groups in thf-d8 in the neutral [Ln(BH4)3(thf)3] and 
monocationic [Ln(BH4)2(thf)5]+[BPh4]– species. 
 
 
 [Ln(BH4)3(thf)3] [Ln(BH4)2(thf)5][BPh4] 
Y –23.99 –26.89 
La –19.40 –20.76 
Nd 169.68 154.13 
Sm –29.18 –31.84 
Lu –22.93, –24.66 –25.42 
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Complexes 67, 69 and 70 were characterised by X-ray diffraction, and reveal all a formally 
seven-coordinate metal centre with two (µ-H)3BH borohydride moieties in axial position and 
five thf molecules occupying the equatorial sites (see Figure B.3.1). 
 
Figure B.3.1. ORTEP view of the cationic part of [Y(BH4)2(thf)5]+[BPh4]– (67) (top), 
[Nd(BH4)2(thf)5]+[BPh4]– (69) (bottom left, top view) and [Sm(BH4)2(thf)5]+[BPh4]– (70) (bottom right; 
view along the equatorial plane). Displacement ellipsoids drawn at the 30% probability level. Only 
selected hydrogen atoms (refined in their position) shown. Selected bond distances (Å) and angles (°) 
in 67: Y···B1 2.578(3), Y···B2 2.570(3), B1–Y–B2 178.59(10); in 69: Nd···B1 2.727(3), Nd···B2 
2.740(4), B1–Nd–B2 178.56(13); in 70: Sm···B1 2.688(5), Sm···B2 2.728(6), B1–Sm–B2 178.97(16). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Ln = Nd  
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In addition to the cationic part of the above-mentioned [Ln(BH4)2(thf)x]+[Ln(BH4)4(thf)y]– and 
[Sm(BH4)2(thf)5]+[Sm(η5-C5Me4nPr)(BH4)3]– complexes, compounds featuring trans-arranged 
ligands within a pentagonal bipyramidal coordination geometry have already been well 
documented for rare-earth metal species. Species such as di(halo) derivatives generated by 
assymetric cleavage,4 or by halide abstraction by a Lewis acid.7 The mixed halide-alkyl 
[Nd(η3-C3H5)Cl(thf)5]+[BPh4]– 8 and halide-alkoxide [Y(OtBu)Cl(thf)5]+[BPh4]– 9 complexes, 
as well as the di(methyl) complex [YMe2(thf)5]+[BPh4]– 10 have been described. 
The charge-separation in compounds 67–71 already suggested in solution by spectroscopic 
data (independence of the 1H and 11B signals of the BPh4 anion on the metal centre), is further 
evidenced in the solid state by the high regularity of the pentagonal bipyramidal geometry 
adopted by compounds 67, 69 and 70. Thus, the three products display almost linear B–Ln–B 
angles [Ln = Y, 178.59(10)°; Nd, 178.56(13)°; Sm, 178.97(16)°]. The central metal is found 
in the same plane as the five oxygen atoms of the thf molecules as shown by the sum of  
O–Ln–O angles around the metal centre [Ln = Y, 360.48°; Nd, 360.40°; Sm, 360.38°]. 
The Y···B contacts in 67 [2.569(3) and 2.584(3) Å] are similar to the values observed for the 
tridentate groups in the neutral parent 62 [2.58(1) Å],11 but greatly longer than those measured 
in the cationic part of [Y(BH4)2(thf)4]+[Y(BH4)4]– (2.52 Å mean).2 The reduced steric bulk 
around the metal centre in the latter compound (only four thf molecules coordinated, instead 
of five in 67) is thought to induce a tighter contact with the borohydride groups. Consistently, 
all Y–O bond lengths in 67 (2.427 Å mean) are longer than in [Y(BH4)2(thf)4]+[Y(BH4)4]– 
(2.323 Å mean) by more than 0.1 Å. 
Very few neodymium complexes containing borohydride moieties have been structurally 
characterised untill now. The Nd···B distances observed in 69 [2.727(3) and 2.740(4) Å] are 
found in an intermediate range (see Table B.3.3). Larger values are measured in the 
borohydride-bridged species [{Nd(COT)(BH4)(thf)}2]12 or [Nd6(η5-C5Me4nPr)6(BH4)(12-
x)Clx(thf)n]13. Shorter interactions are typically observed in neutral mono- or 
bis(cyclopentadienyl) systems,14 or in the anionic complex [K(18-crown-
6)(thf)2]+[Nd(PC4Me4)2(BH4)2]–.15 The inverse cyclopheptatrienyl sandwich complex 
[Nd(BH4)2(thf)(µ-η7:η7-C7H7)Nd(BH4)(thf)3] was found to display Nd···B distances of 
comparable lengths.16
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Table B.3.3. Nd···B distances in structurally characterised neodymium complexes containing tridentate 
BH4 group(s). 
 
Compound Nd···B (Å) Reference 
[Nd(BH4)2(thf)5]+[BPh4]– (69) 2.727(3); 2.740(4) this work 
   
[Nd(COT)(thf){(µ-H)2B(µ3-H)2}2Nd(COT)(thf)] 2.875(6); 2.941(6) 12 
[Nd6(η5-C5Me4nPr)6(BH4)(12-x)Clx(thf)n] 2.842; 2.85 a 13 
[Nd(η5-HC5iPr4)(BH4)2(thf)] 2.605(3); 2.595(3) 14b 
[Nd(η5-C5H4CH2CH2OMe)2(BH4)] 2.664(25) 14a 
[Nd(η5-C5Me5)2(BH4)(thf)] 2.63(5) 14c 
[Nd(BH4)2(thf)(µ-η7:η7-C7H7)Nd(BH4)(thf)3] 2.74(3); 2.68(2) 16 
[K(18-crown-6)(thf)2]+[Nd(PC4Me4)2(BH4)2]– 2.629(11); 2.650(10) 15 
 
a mean values for x = 0 and 10 respectively.  
 
Identically, the samarium analogue 70 displays Sm···B contacts that are intermediate in 
magnitude between those observed in bis(cyclopentadienyl) species and the elongated ones 
present in borohydride-bridged compounds (see Table B.3.4). 
 
Table B.3.3. Sm···B distances in structurally characterised samarium complexes containing tridentate 
BH4 group(s). 
 
Compound Sm···B (Å) Reference 
[Sm(BH4)2(thf)5]+[BPh4]– (70) 2.688(5); 2.728(6) this work 
   
[Sm(BH4)2(thf)5]+[Cp*’Sm(BH4)3]– a 2.622; 2.588 b 5 
[Sm(η5-C5Me4nPr)2(BH4)(thf)] 2.621(5) 5 
[Sm(η5-C5Me5)2(BH4)(thf)] 2.62(2); 2.58(1) c 17 
[Sm(η5-HC5iPr4)2(BH4)] 2.579(3) 14b 
[{Sm(N2NNMes)(BH4)2Li}2} d 2.927(2) e 1i 
[Sm6(η5-C5Me4nPr)6(BH4)(12-x)Clx(thf)n] 2.818; 2.81; 2.83 f 13 
[{SmCp*’(p-tol)NN(BH4)}2] g 2.929(3); 3.006(3) 1f 
 
a Cp*’ = C5Me4nPr. b mean value in the cationic and anionic part of the complex respectively. c value for 
each of the two independent molecules per unit cell given. d N2NNMes = (2-
C5H4N)CH2N(CH2CH2NMes)2. e value for the tridentate BH4 moiety given. f mean value for x = 0, 5 and 
10 respectively. g (p-tol)NN = CH{CMeN(C6H4-Me-4)}2. 
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Unexpectedly, the Sm···B values found in 70 [2.688(5) and 2.728(6) Å], as well as the  
B–Sm–B angle [178.97(16)°], differ quite strongly from those measured in the cationic part of 
[Sm(BH4)2(thf)5]+[Cp*’Sm(BH4)3]– [Sm···B = 2.623(8) Å and 2.485(3) Å; B–Sm–B = 
176.6(3)°].5
 
B.3.2.2. ROP of ε-CL 
 
Compounds 67–70 were found to efficiently initiate the polymerisation of ε-CL, affording 
polymers with relatively narrow molecular weight distributions (PDI) (see Table B.3.5). 
Whilst similar molecular weight distributions were already observed with the neutral parents 
[Ln(BH4)3(thf)3] (Ln = La, Nd, Sm: 100% conversion within 15 min with Mw/Mn = 1.2, 1.4 
and 1.3 respectively)18 or the samarocene [Sm(η5-C5Me5)2(BH4)(thf)] (84% conversion after 5 
min, Mw/Mn = 1.3),19 the cationic species 67–70 were found to be highly active, full 
conversion being observed within 30 seconds. In all cases, more than two chains are started, 
due to rapid gelation of the reaction mixture involving chain transfer reactions.20c
 
Table B.3.5. ε-CL polymerisation catalysed by complexes 67–70 in thf.a  
Catalyst t b Conversion Mn(exp) c Mn(NMR) Mn(theo) d PDI N e
67 <0.5 >99 17400 10300 57000 1.34 3.3 
68 <0.5 >99 12800 13700 57000 1.38 3.9 
69 <0.5 >99 14800 14800 57000 1.25 4.2 
70 <0.5 >99 8200 9200 57000 1.34 7.0 
 
a Conditions: nCata = 11.9 ± 0.5 µmol; [ε-CL]/[Cata] = 500; vtotal = 4 mL; T = 19 °C. b Reaction time in 
minutes. c Mn experimental in g.mol–1 measured by GPC against polystyrene standards after Mark-
Houwink correction.20 d Mn theoretical in g.mol–1, considering one growing chain per metal centre; 
Mn(theo) = Mε-CL × ([ε-CL]/[Cata]) × %conversion. e Number of growing chains per metal centre; N = 
Mn(theo)/Mn(exp). 
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B.3.3 Conclusion. 
 
Abstraction of a borohydride moiety from the tris(borohydride) [Ln(BH4)3(thf)3] is possible 
for a wide range of metals [Ln = Y, La, Nd, Sm, Lu] to cleanly yield the monocationic species 
[Ln(BH4)3(thf)5]+[BPh4]–. Further reaction with an additional equivalent of [NEt3H]+[BPh4]–, 
or with the stronger acid [NMe2PhH]+[BPh4]–, failed to provide the dicationic 
mono(borohydride) complexes. 
Preliminary results indicate a slightly increased activity during ring-opening polymerisation 
of ε-CL when compared to neutral species. 
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B.3.4 Experimental Section. 
 
General Considerations 
 
[Ln(BH4)3(thf)3] were prepared according to literature procedure, and recrystallised from thf 
before use.6a
 
Procedure for the synthesis of [Ln(BH4)2(thf)5]+[BPh4]– (67–71): A thf solution of 
[NEt3H]+[BPh4]– was added dropwise at room temperature to a –30°C cold thf solution of 
[Ln(BH4)3(thf)3]. Gas evolution was instantaneously observed. After stirring the solution for 
two hours, the volatiles were removed under vacuum, and the resulting solid extracted with 
toluene (3 × 20 mL) and washed with pentane (2 × 20 mL). The target compound could be 
isolated after drying as a microcrystaline solid. All compounds were recrystallised from thf at 
–40°C, upon what diffraction quality crystals could be obtained. 
 
[Y(BH4)2(thf)5]+[BPh4]– (67) 
 Following the procedure described above, 62 (350 mg, 1 mmol) was 
reacted with [NEt3H]+[BPh4]– (400 mg, 0.95 mmol) to yield 67 as a white 
powder (678 mg, 85%). 
thf
Y
thf
thf
thf
thf
B
B
H
H
H H H
H H H
• 1H NMR (thf-d8, 25°C): δ = 0.42 (q, 1JBH = 82 Hz, 8H, BH4), 1.77 (m,  
20H, β-thf), 3.62 (m, 20H, α-thf), 6.70 (t, 3JHH = 7.3 Hz, 4H, Ph-4),  
6.85 (t, 3JHH = 7.3 Hz, 8H, Ph-3), 7.27 (br m, 8H, Ph-2). 
• 11B{1H} NMR (thf-d8, 25°C): δ = –6.55 (BPh4), –26.89 (BH4). 
• Anal. Calc. for C44H68B3O5Y (798.35 g.mol–1): C, 66.20; H, 8.59. Found: C, 66.44; H, 8.49. 
 
[La(BH4)2(thf)5]+[BPh4]– (68) 
 Following the procedure described above, 63 (800 mg, 2 mmol) was 
reacted with [NEt3H]+[BPh4]– (800 mg, 1.9 mmol) to yield 68 as a white 
powder (1075 mg, 67%). 
thf
La
thf
thf
thf
thf
B
B
H
H
H H H
H H H
• 1H NMR (thf-d8, 25°C): δ = 0.98 (q, 1JBH = 85 Hz, 8H, BH4), 1.77 (m,  
20H, β-thf), 3.62 (m, 20H, α-thf), 6.70 (t, 3JHH = 7.3 Hz, 4H, Ph-4),  
6.85 (t, 3JHH = 7.3 Hz, 8H, Ph-3), 7.27 (br m, 8H, Ph-2). 
• 11B{1H} NMR (thf-d8, 25°C): δ = –6.54 (BPh4), –20.76 (BH4). 
• Anal. Calc. for C44H68B3LaO5 (848.35 g.mol–1): C, 62.29; H, 8.08. Found: C, 62.42; H, 7.69. 
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[Nd(BH4)2(thf)5]+[BPh4]– (69) 
 Following the procedure described above, 64 (910 mg, 2 mmol) was 
reacted with [NEt3H]+[BPh4]– (800 mg, 1.9 mmol) to yield 69 as a light 
pink powder (1312 mg, 81%). 
thf
Nd
thf
thf
thf
thf
B
B
H
H
H H H
H H H
• 1H NMR (thf-d8, 25°C): δ = 1.78 (m, 20H, β-thf), 3.62 (m, 20H, α-thf),  
6.73 (t, 3JHH = 7.3 Hz, 4H, Ph-4), 6.87 (t, 3JHH = 7.3 Hz, 8H, Ph-3),  
7.30 (br m, 8H, Ph-2), 89.77 (br, 8H, BH4). 
• 11B{1H} NMR (thf-d8, 25°C): δ = 154.13 (BH4), –6.51 (BPh4). 
• Anal. Calc. for C44H68B3NdO5 (853.69 g.mol–1): C, 61.91; H, 8.03. Found: C, 61.84; H,  
7.70. 
 
[Sm(BH4)2(thf)5]+[BPh4]– (70) 
 Following the procedure described above, 65 (411 mg, 1 mmol) was 
reacted with [NEt3H]+[BPh4]– (400 mg, 0.95 mmol) to yield 70 as an off-
white powder (786 mg, 84%). 
thf
Sm
thf
thf
thf
thf
B
B
H
H
H H H
H H H
• 1H NMR (thf-d8, 25°C): δ = –5.56 (br q, 8H, BH4), 1.77 (m, 24H, β-thf),  
3.62 (m, 24H, α-thf), 6.70 (t, 3JHH = 7.0 Hz, 4H, Ph-4), 6.85 (t, 3JHH  
= 7.4 Hz, 8H, Ph-3), 7.27 (br m, 8H, Ph-2). 
• 11B{1H} NMR (thf-d8, 25°C): δ = –6.54 (BPh4), –31.84 (BH4). 
• Anal. Calc. for C44H68B3O5Sm (859.81 g.mol–1): C, 61.46; H, 7.97. Found: C, 60.79; H,  
7.76. 
 
[Lu(BH4)2(thf)5]+[BPh4]– (71) 
 Following the procedure described above, 66 (218 mg, 0.5 mmol) was 
reacted with [NEt3H]+[BPh4]– (200 mg, 0.475 mmol) to yield 71 as a white 
powder (678 mg, 85%). 
thf
Lu
thf
thf
thf
thf
B
B
H
H
H H H
H H H
• 1H NMR (thf-d8, 25°C): δ = 1.32 (q, 1JBH = 80 Hz, 8H, BH4), 1.77 (m,  
20H, β-thf), 3.61 (m, 20H, α-thf), 6.69 (t, 3JHH = 7.3 Hz, 4H, Ph-4),  
6.83 (t, 3JHH = 7.3 Hz, 8H, Ph-3), 7.25 (br m, 8H, Ph-2). 
• 11B{1H} NMR (thf-d8, 25°C): δ = –6.54 (BPh4), –25.42 (BH4). 
• Anal. Calc. for C44H68B3LuO5 (884.42 g.mol–1): C, 59.75; H, 7.75. Found: C, 58.39; H, 7.66. 
 
 102
Borohydride Complexes Supported by thf 
B.3.5 References and Notes. 
 
(1) (a) Ephritikhine, M. Chem. Rev. 1997, 97, 2193. (b) Barbier-Baudry, D.; Blacque, O.; 
Hafid, A.; Nyassi, A.; Sitzmann, H.; Visseaux, M. Eur. J. Inorg. Chem. 2000, 2333. 
(c) Guillaume, S. M.; Schappacher, M.; Soum, A. Macromolecules 2003, 36, 54. (d) 
Bonnet, F.; Visseaux, M.; Pereira, A.; Bouyer, F.; Barbier-Baudry, D. Macromol. 
Rapid. Commun. 2004, 25, 873. (e) Palard, I.; Soum, A.; Guillaume, S. M. Chem. Eur. 
J. 2004, 10, 4054. (f) Bonnet, F.; Visseaux, M.; Barbier-Baudry, D.; Vigier, E.; 
Kubicki, M. M. Chem. Eur. J. 2004, 10, 2428. (g) Bonnet, F.; Visseaux, M.; Pereira, 
A.; Barbier-Baudry, D. Macromolecules 2005, 38, 3162. (h) Bonnet, F.; Cowley, A. 
R.; Mountford, P. Inorg. Chem. 2005, 44, 9046. (i) Bonnet, F.; Hillier, A. C.; Collins, 
A.; Dubberley, S. R.; Mountford, P. Dalton Trans. 2005, 421. (j) Palard, I.; Soum, A.; 
Guillaume, S. M. Macromolecules 2005, 38, 6888. (k) Barbier-Baudry, D.; Bouyer, 
F.; Sofia, A.; Madureira, B.; Visseaux, M. Appl. Organomet. Chem. 2006, 20, 24. (l) 
Visseaux, M.; Chenal, T., Roussel, P.; Mortreux, A. J. Organomet. Chem. 2006, 691, 
86. (m) Yuan, F.; Zhu, Y.; Xion, L. J. Organomet. Chem. 2006, 691, 3377. (n) Yuan, 
F.; Yang, J.; Xion, L. J. Organomet. Chem. 2006, 691, 2534. (o) Zinck, P.; Visseaux, 
M.; Mortreux, A. Z. Anorg. Allg. Chem. 2006, 632, 1943. (p) Palard, I.; Schappacher, 
M.; Belloncle, B.; Soum, A.; Guillaume, S. M. Chem. Eur. J. 2007, 13, 1511. (q) 
Zinck, P.; Valente, A.; Mortreux, A.; Visseaux, M. Polymer 2007, 48, 4609. (r) Zinck, 
P.; Terrier, M.; Mortreux, A.; Valente, A.; Visseaux, M. Macromol. Chem. Phys. 
2007, 208, 973. (s) Terrier, M.; Visseaux, M.; Chenal, T.; Mortreux, A. J. Polym. Sci., 
Part A: Polym. Chem. 2007, 45, 2400. 
(2) (a) Lobkovskii, É. B.; Kravchenko, S. E.; Kravchenko, O. V. J. Struct. Chem. 1983, 
23, 582. (b) Xu, Z.; Lin, Z. Inorg. Chem., 1996, 35, 3964. 
(3) Bel’skii, V. K.; Sobolev, A. N.; Bulychev, B. M.; Alikhanova, T. Kh.; Kurbonbekov, 
A.; Mirsaidov, U. Koord. Khim. 1990, 16, 1693. 
(4) Similar behaviour was already observed in rare-earth species, see: (a) Sobota, P.; 
Utko, J.; Szafert, S. Inorg. Chem. 1994, 33, 5203. (b) Xie, Z.; Chiu, K.; Wu, B.; Mak, 
T. C. W. Inorg. Chem. 1996, 35, 5957. (c) Deacon, G. B.; Feng, T.; Junk, P. C.; 
Skelton, B. W.; Sobolev, A. N.; White, A. H. Aust. J. Chem. 1998, 51, 75. (d) 
Mashima, K.; Fukumoto, H.; Nakayama, Y.; Tani, K.; Nakamura, A. Polyhedron 
1998, 17, 1065. (e) Niemeyer, M. Acta Cryst. 2001, E57, m363. (f) Khoroshen’kov, G. 
 103
Borohydride Complexes Supported by thf 
V.; Fagin, A. A.; Bocharev, M. N.; Dechert, S.; Schumann, H. Russ. Chem. Bull., Int. 
Ed. 2003, 52, 1715. (g) Izod, K.; Liddle, S. T.; Clegg, W. Inorg. Chem. 2004, 43, 214. 
(5) Bonnet, F.; Visseaux, M.; Hafid, A.; Barbier-Baudry, D.; Kubicki, M. M.; Vigier, E.  
Inorg. Chem. Commun. 2007, 10, 690. 
(6) (a) Cendrowski-Guillaume, S. M.; Nierlich, M.; Lance, M.; Ephritikhine, M.  
Organometallics 1998, 17, 786. (b) Cendrowski-Guillaume, S. M.; Le Gland, G.; 
Nierlich, M.; Ephritikhine, M. Organometallics 2000, 19, 5654. (c) Cendrowski-
Guillaume, S. M.; Nierlich, M.; Ephritikhine, M. Eur. J. Inorg. Chem. 2001, 1495. (d) 
Cendrowski-Guillaume, S. M.; Le Gland, G.; Lance, M.; Nierlich, M.; Ephritikhine, 
M. C. R. Chimie 2002, 5, 73. (e) Cendrowski-Guillaume, S. M.; Le Gland, G.; 
Nierlich, M.; Ephritikhine, M. Eur. J. Inorg. Chem. 2003, 1388. 
(7) (a) Willey, G. R.; Lakin, M. T.; Alcock, N. W. J. Chem. Soc., Dalton Trans. 1993, 
3407. (b) Willey, G. R.; Woodman, T.; Carpenter, D. J.; Errington, W. J. Chem. Soc., 
Dalton Trans. 1997, 2677. 
(8) Taube, R.; Maiwald, S.; Sieler, J. J. Organomet. Chem. 2001, 621, 327. 
(9) Evans, W. J.; Olofson, J. M.; Ziller, J. W. J. Am. Chem. Soc. 1990, 112, 2308. 
(10) Arndt, S.; Beckerle, K.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J. Angew. Chem., Int. 
Ed. 2005, 44, 7473. 
(11) Segal, B. G.; Lippard, S. J. Inorg. Chem. 1978, 17, 844. 
(12) Cendrowski-Guillaume, S.; Nierlich, M.; Lance, M.; Ephritikhine, M. 
Organometallics 1998, 17, 786. 
(13) Bonnet, F.; Visseaux, M.; Barbier-Baudry, D.; Hafid, A.; Vigier, E.; Kubicki, M. M. 
Inorg. Chem. 2004, 43, 3682. 
(14) See for example: (a) Deng, D.; Zheng, X.; Qian, C.; Sun, J.; Zhang, L. J. Organomet. 
Chem. 1994, 466, 95. (b) Barbier-Baudry, D.; Blacque, O.; Hafid, A.; Nyassi, A.; 
Sitzmann, H.; Visseaux, M. Eur. J. Inorg. Chem. 2000, 2333. (c) Visseaux, M.; 
Chenal, T.; Roussel, P.; Mortreux, A. J. Organomet. Chem. 2006, 691, 86. 
(15) Cendrowski-Guillaume, S.; Le Gland, G.; Ephritikhine, M.; Nierlich, M. Z. 
Kristallog.-New Cryst. Struct. 2002, 217, 35. 
(16) Arliguie, T.; Lance, M.; Nierlich, M.; Ephritikhine, M. J. Chem. Soc., Dalton Trans. 
1997, 2501. 
(17) Schumann, H.; Keitsch, M. R.; Demtschuk, J.; Mühle, S. Z. Anorg. Allg. Chem. 1998, 
624, 1811. 
 104
Borohydride Complexes Supported by thf 
(18) (a) S. M. Guillaume, M. Schappacher and A. Soum, Macromolecules, 2003, 36, 54. 
(b) I. Palard, A. Soum and S. Guillaume, Macromolecules, 2005, 38, 6888. 
(19) The polymerisation was carried out in a 30/70 mixture of CH2Cl2/toluene at 21 °C, 
see: I. Palard, A. Soum and S. Guillaume, Chem. Eur. J., 2004, 10, 4054. 
(20) (a) Save, M.; Schappacher, M.; Soum, A. Macromol. Chem. Phys., 2002, 203, 889. (b) 
Palard, I.; Soum, A.; Guillaume, S. Macromolecules, 2005, 38, 6888. (c) Palard, I.; 
Schappacher, M.; Soum, A.; Guillaume, S. M. Polym. Int., 2006, 55, 1132. 
 
 105
Constrained Geometry Catalysts 
B.4. Constrained Geometry Catalysts.* 
 
B.4.1. Introduction. 
  
Rare-earth metal complexes are known to be efficient homogeneous catalysts for a wide range 
of organic transformations.1 While rare-earth metallocenes have been extensively studied for 
hydrosilylation of olefins,1-4 mono(cyclopentadienyl)5 and non-cyclopentadienyl6 complexes 
that catalyse this reaction are still quite uncommon. In addition, the influence of the ligand 
structure on the activity and regioselectivity of the catalyst remains poorly understood.3,7 A 
systematic study of the hydrosilylation of 1-decene and styrene catalysed by rare-earth alkyl 
complexes bearing a linked amido-cyclopentadienyl ligand (“constrained geometry” catalyst) 
of the general formula [Ln(η5-C5Me4ZSiMe2NR’-κN)(CH2SiMe3)(thf)n] has been carried 
out.5c,e Both electronic and steric characteristics of the ligand were varied in order to 
determine the factors that govern the efficiency and the regioselectivity of the catalysts. In 
order to probe the influence of the ionic radius on the catalytic activity, yttrium and lutetium 
compounds were synthesised. 
                                                 
* Published part of this chapter: (a) Robert, D.; Trifonov, A.; Voth, P.; Okuda, J. J. Organomet. Chem. 2006, 
691, 4393. (b) Robert, D.; Voth, P.; Spaniol, T. P.; Okuda, J. Eur. J. Inorg. Chem., 2008, 2810. 
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B.4.2 Results and Discussion. 
 
B.4.2.1. Linked Amido-Cyclopentadienyl Ligands. 
 
Various ligands displaying either a short or a long linkage and various substituents at the 
nitrogen were synthesised by successive salt-elimination reactions (see Scheme B.4.1).8 All 
ligands were isolated as high boiling oils and purified by Kugelrohr distillation. Mixtures of 
species were obtained because of the different possible respective positions of the ligands and 
the two unsaturations at the cyclopentadiene ring. Thus, multiple signals were systematically 
observed in the 1H NMR spectra for the methyl groups bound to the ring, as well as for the 
CH2 and SiMe2 units of the link between the Cp-ring and the nitrogen atom. 
 
Scheme B.4.1. 
 
 
HH H
Li+
RNH2
BuLi
– BuH
LiNHR
ClCH2SiMe2Cl
H Si
Me
Me
Cl
H Si
Me
Me
N H
R
R = Ph (72)
R = C6H4-tBu-4 (73)
R = C6H4-nBu-4 (74)
– LiCl
BuLi
– BuH
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B.4.2.2. Alkyl Complexes. 
 
Reaction of the linked amino-cyclopentadienes HC5Me4ZNHR 72–74 in pentane with the 
tris(trimethylsilylmethyl) precursors [Ln(CH2SiMe3)3(thf)2] [Ln = Y (75), Lu (76)] readily 
affords the corresponding constrained geometry alkyl complexes  
[Ln(η5-C5Me4CH2SiMe2NR-κN)(CH2SiMe3)(thf)n] via release of two equivalents of 
tetramethylsilane (see Scheme B.4.2).5 In addition to the complexes described in Scheme 
B.4.2 (77–83), already known species were prepared and included in the hydrosilylation study 
described hereafter (see Table B.4.1). Depending on the ligand characteristics (length of the 
link Z and substituent at the amido-nitrogen R’), the products displayed very different 
solubility in organic solvents. Thus, regardless of the length of the bridge, the complexes 
bearing a phenyl ring at the nitrogen atom were found to be sparingly soluble in pentane (and 
could be isolated by simple filtration), but highly soluble in aromatic and ethereal solvents. 
All the complexes bearing either a tert-butyl group or a para-substituted phenyl ring at the 
nitrogen were found to be highly soluble both in aliphatic and aromatic hydrocarbons.  
 
Scheme B.4.2. Z = CH2SiMe2. 
 
N
Ln
R'
(thf)n
CH2SiMe3
[Ln(CH2SiMe3)3(thf)2] + HC5Me4ZNR'
Z
pentane
– SiMe4
Ln = Lu, R' = tBu, n = 1 (77)
Ln = Y, R' = Ph, n = 2 (78)
Ln = Y, R' = C6H4tBu-4, n = 2 (79)
Ln = Y, R' = C6H4nBu-4, n = 2 (80)
Ln = Lu, R' = Ph, n = 2 (81)
Ln = Lu, R' = C6H4tBu-4, n = 1.5 (82)
Ln = Lu, R' = C6H4nBu-4, n = 1.5 (83)
Ln = Y (75) 
Ln = Lu (76)
 
 
 
 
 
 
 
 
 
Table B.4.1. Known Constrained Geometry alkyl complexes. 
 
Complex ref 
[Y(η5-C5Me4SiMe2NtBu-κN)(CH2SiMe3)(thf)] (87) 13 
[Lu(η5-C5Me4SiMe2NtBu-κN)(CH2SiMe3)(thf)] (88) 11 
[Y(η5-C5Me4CH2SiMe2NtBu-κN)(CH2SiMe3)(thf)] (89) 5a 
[Y(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2] (90) 12 
[Lu(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2] (91) 12 
[Y(η5-C5Me4CH2SiMe2NCH2CH2NMe2-κN,N’)(CH2SiMe3)(thf)] (92) 14 
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In compound 77, a slow exchange of the positions occupied by the thf molecule and the alkyl 
group on the NMR timescale renders all four methyl group at the cyclopentadienyl ring 
inequivalent. They appear as four broad signals partially overlapping. 
The 1H NMR spectrum of compound 78 is consistent with the Cs symmetry being retained in 
solution: i) two signals are observed for the two sets of methyl groups at the Cp-ring; ii) only 
one signal is detected for the CH2 and SiMe2 fragments of the link; iii) a set of three signals is 
seen for the phenyl ring, consistent with a fast rotation about the N–iC bond on the NMR 
timescale, and iv) the CH2SiMe3 group gives rise to two signals, the equivalent methylenic 
protons of the alkyl group appearing as a doublet with 2JYH = 2.7 Hz. 
Diffraction quality crystals of 78 were grown from a saturated toluene solution at –40 °C. 
Structural characterisation showed the nine coordinated yttrium centre to adopt a four-legged 
piano stool geometry, typically encountered in half-sandwich complexes (see Figure B.4.1).5c 
 
Figure B.4.1. ORTEP view of [Y(η5-C5Me4CH2SiMe2NPh-κN)(CH2SiMe3)(thf)2] (78). Standard view (left) 
and top view (right). Displacement ellipsoids drawn at the 50% probability level. Hydrogen atoms 
omitted for clarity. Selected bond angles (Å) and angles (°): Y–O1 2.433(5), Y–O2 2.423(5), Y–C19 
2.452(8), Y–N 2.313(6), Y–Cpcent 2.344; O1–Y–O2 145.01(18), C19–Y–N 140.7(2), Cpcent–Y–N 
105.22, Y–C19–Si2 129.5(4). 
 
 
The Cs symmetry observed in the solid state implies: i) the two thf molecules being arranged 
in a trans-fashion, and ii) the phenyl ring being in the plan containing the Cp-centroid, the 
carbon and silicon atoms of both the link and the alkyl group, the nitrogen atom and the 
yttrium centre.  
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The nature of the substituent at the nitogen atom was found to have a direct influence on the 
metal. Thus, whilst a single thf molecule coordinates to the yttrium centre in  
[Y(η5-C5Me4CH2SiMe2NtBu-κN)(CH2SiMe3)(thf)],5a coordination of a second one is 
observed in 78. The electron-withdrawing phenyl group induces an increase in Lewis acidity 
of the yttrium centre, which is compensated for by the second Lewis base. 
Comparison with the analogous complex featuring the shorter SiMe2-link  
[Y(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2] (A)9 illustrates the influence of the ligand on 
the molecular geometry around the metal centre (see Figure B.4.2). 
 
Figure B.4.2. Comparison of the structural parameters in [Y(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2]9 
(A) (left) and in [Y(η5-C5Me4CH2SiMe2NPh-κN)(CH2SiMe3)(thf)2] (78) (right). 
 
 
The additional carbon atom in the backbone of 78 induces a much smaller N–Y–C(alkyl) 
angle [140.8(2)° in 78 vs 150.89(19)° in A], together with a smaller Y–N–Cipso angle 
[115.5(4)° in 78 vs 131.0(4)° in A]. Consequently, the plane of the cyclopentadienyl ligand is 
perfectly perpendicular to the Y–Cpcent bond in 78 (Y–Cpcent–CCp ranging from 89.26° to 
90.48°), whilst Y–Cpcent–CCp angles varying from 85° to 93.16° are measured in A. The 
geometry of the alkyl group and the Cpcent–Y–C(alkyl) angle are however almost independent 
of the length of the backbone (Table B.4.2). 
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Table B.4.2. Selected bond lengths (Å) in [Y(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2]8 (A) and in  
[Y(η5-C5Me4CH2SiMe2NPh-κN)(CH2SiMe3)(thf)2] (78). 
 
 [Y(η
5-C5Me4SiMe2NPh-κN) 
(CH2SiMe3)(thf)2] (A) 
[Y(η5-C5Me4CH2SiMe2NPh-κN) 
(CH2SiMe3)(thf)2] (78) 
Y–C(alkyl) 2.481(6) 2.451(6) 
C–Si (alkyl) 1.842(6) 1.857(7) 
Y–Cpcent  2.336(6) 2.342 
Y–N 2.327(5) 2.312(5) 
N–Cipso 1.382(7) 1.382(8) 
N–Si 1.731(5) 1.732(5) 
Y–O1 2.382(3) 2.428(4) 
Y–O2 2.382(3) 2.419(4) 
 
 
 
 
 
 
 
 
B.4.2.3. Hydride Complexes. 
 
Upon reaction of complexes 78–80 with PhSiH3 or H2, hydrogenolysis of the remaining alkyl 
group takes place in pentane to afford the dimeric hydrides [Y(η5-C5Me4CH2SiMe2NC6H4R-
4-κN)(µ-H)(thf)]2 [(R = H (84), tBu (85), nBu (86)] (see Scheme B.4.3). 
Whilst complexes 83 and 84 were found to be practically insoluble in thf, the presence of the 
nBu chain on the para position of the phenyl ring in 85 made it soluble in aromatic and 
ethereal solvents.  
 
Scheme B.4.3. 
 
 
N
Y
R'
HZ
thf
Z
N
Y
R'
H
thf
0.5
N Y
R'
Z
CH2SiMe3
PhSiH3
- PhSiH2CH2SiMe3
R' = Ph (84)
R' = C6H4-tBu-4 (85)
R' = C6H4-nBu-4 (86)
thf
thf
 
 
 
 
 
 
 
Diffraction quality crystals of compound 85 could be obtained by layering a pentane solution 
of the alkyl precursor 79 with a pentane solution of phenylsilane. The solid state structure 
revealed a heterochiral molecule of Ci symmetry with trans-arranged cyclopentadienyl rings 
(see Figure B.4.3).5e The dimeric structure of all three complexes is conserved in solution 
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[triplets at δ = 5.10 ppm for all three complexes in [D8]thf with 1JYH = 28.4 Hz (84) and 29.9 
Hz (85 and 86)]. 
 
Figure B.4.3. ORTEP view of [Y(η5-C5Me4CH2SiMe2NC6H4tBu-4-κN)(µ-H)(thf)]2 (85). Displacement 
ellipsoids drawn at the 50% probability level. Only bridging hydrogen atoms shown. Selected bond 
angles (Å) and angles (°): Y–O 2.433(5), Y–N 2.313(6), Y–Cpcent 2.344; Cpcent–Y–N 105.22. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B.4.2.4. Olefin hydrosilylation. 
 
After their isolation, the trimethylsilylmethyl complexes [Ln(η5-C5Me4ZSiMe2NR’-κN)-
(CH2SiMe3)(thf)n] were directly used for hydrosilylation of 1-decene and styrene in NMR-
scale experiments. The olefin and PhSiH3 were subsequently added to the complex dissolved 
in benzene-d6 at 25 °C, and monitoring of the typical signals of PhSiH2CH2SiMe3 in the 1H 
NMR spectrum in all cases evidenced the immediate and complete formation of the 
catalytically active hydrido species [Ln(η5-C5Me4ZSiMe2NR’-κN)(µ-H)(thf)m]2. The 
kinetically competent species is assumed to be the mononuclear hydride species in 
equilibrium with the dimer (see Scheme B.4.4).5a 
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Scheme B.4.4.  
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1-Decene 
 
Under standard conditions, 1-decene was exclusively transformed into the anti-Markovnikov 
(1,2-addition or terminal) product in practically quantitative yield by all complexes under 
consideration (see Table B.4.3). The catalytic efficiency, as judged qualitatively by 
considering the turnover frequency (TOF) values (ie the moles of substrate converted per 
mole of metal per reaction time) shows considerable dependence on the nature of the 
trimethylsilylmethyl complex employed. The regioselectivity agrees with the general 
tendency of α-olefins to give predominantly 1,2-insertion into the polarised metal-hydride 
bond.4,10 
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Table B.4.3. Hydrosilylation of 1-decene with PhSiH3 catalysed by rare-earth metal alkyl complex with 
various linked amido-cyclopentadienyl ligand.a 
Complex TOF b Regioselectivity c 
[Y(η5-C5Me4SiMe2NtBu-κN)R(thf)] (87) 2.9 100 / 0 
[Lu(η5-C5Me4SiMe2NtBu-κN)R(thf)] (88) 0.49 100 / 0 
[Y(η5-C5Me4CH2SiMe2NtBu-κN)R(thf)] (89) 20.0 100 / 0 
[Lu(η5-C5Me4CH2SiMe2NtBu-κN)R(thf)] (77) 10.0 100 / 0 
[Y(η5-C5Me4SiMe2NPh-κN)R(thf)2] (90) 4.0 100 / 0 
[Lu(η5-C5Me4SiMe2NPh-κN)R(thf)2] (91) 0.45 100 / 0 
[Y(η5-C5Me4CH2SiMe2NPh-κN)R(thf)2] (78) 1.33 100 / 0 
[Lu(η5-C5Me4CH2SiMe2NPh-κN)R(thf)2] (81) 0.20 100 / 0 
[Y(η5-C5Me4CH2SiMe2NC6H4-tBu-4-κN)R(thf)2] (79) 1.33 100 / 0 
[Lu(η5-C5Me4CH2SiMe2NC6H4-tBu-4-κN)R(thf)1.5] (82) 0.20 100 / 0 
[Y(η5-C5Me4CH2SiMe2NC6H4-nBu-4-κN)R(thf)2] (80) 0.56 100 / 0 
[Lu(η5-C5Me4CH2SiMe2NC6H4-nBu-4-κN)R(thf)1.5] (83) 0.19 100 / 0 
[Y(η5-C5Me4CH2SiMe2NCH2CH2NMe2-κN,N’)R(thf)] (92) <0.15 100 / 0 
 
a R = CH2SiMe3. b in h–1. c ratio (1,2)/(2,1). 
 
Structure-Activity Relationship: Length of the Link 
 
According to previous studies performed on rare-earth metallocenes in comparison with rare-
earth ansa-metallocenes, the presence of a link between the two cyclopentadienyl-moieties 
has shown to influence the reactivity and the regioselectivity of the corresponding catalysts 
significantly by creating a well defined space around the active site.11 In the case of 
constrained geometry catalysts, the length of the link was proposed to influence the 
equilibrium between the dimeric and the monomeric forms of the hydrido species as active 
species.5a Thus, the longer CH2SiMe2 link would block more efficiently the space around the 
metal centre and allow the hydride to be sterically encumbered to shift the dissociation 
equilibrium towards the monomeric species.12 It is assumed that the monomeric hydride is 
more catalytically efficient than the corresponding dimer, although in the case of metallocene 
hydrides the dimer was also shown to be active.3 The results of the hydrosilylation as function 
of the link are compiled in Figure B.4.4. 
For the tBuN substituent, all catalysts featuring the longer CH2SiMe2 bridge display a better 
activity than those with the shorter SiMe2-link. For the PhN substituent, a decrease in 
reactivity is observed for all catalysts, when exchanging the SiMe2 for the CH2SiMe2 link. 
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Possibly the combination of the longer link and the phenyl ring created too much steric bulk 
around the metal and hindered the approach of the substrate. 
 
Figure B.4.4. Turnover frequencies for the 1-decene hydrosilylation by PhSiH3 catalysed by various 
rare-earth metal trimethylsilylmethyl complexes. The effect of length of the link. 
0
10
20
LuNPh
LuNtBu SiMe2 
TOF (h–1)
CH2SiMe2 
YNtBu
YNPh
 
 
Structure-Activity Relationship: Substituent at the Amido-Nitrogen. 
 
The reactivity induced by the tBu group being taken as a reference, the influence of different 
amido-nitrogen substituents was studied (see Figure B.4.5). Changing the tBu group against 
the phenyl ring has a detrimental effect on the catalytic activity. Because of its electron 
withdrawing ability, the phenyl ring renders the metal centre more Lewis acidic as witnessed 
by the presence of two thf molecules on [Y(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2] (90)13 
in contrast to one on [Y(η5-C5Me4SiMe2NtBu-κN)(CH2SiMe3)(thf)] (87).14 Therefore, a 
higher reactivity could be expected from the anilido derivatives towards electron-rich 
substrates. As the opposite effect was observed, the increased Lewis acidity of the metal 
possibly leads to a more stable hydride dimer resulting in lower activity. The substitution of 
the phenyl ring at the para position by a tBu group does not significantly influence the 
catalytic activity. The tBu group cannot interact neither with the metal centre, nor with the 
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substrate. When this tBu group is exchanged for a nBu chain, a slight decrease in activity is 
noted. 
 
Figure B.4.5. Turnover frequencies for the 1-decene hydrosilylation by PhSiH3 catalysed by various 
rare-earth metal trimethylsilylmethyl complexes. The effect of the amido-substituent. 
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The hemilabile CH2CH2NMe2 group in [Y(η5-C5Me4CH2SiMe2NCH2CH2NMe2-κN,N’)-
(CH2SiMe3)(thf)] (92)15 seems to have an even stronger deactivating effect than the anilido 
groups, possibly because of the additional donor which coordinates at the metal centre and 
blocks the active site. The double bond of the olefin might not be able to displace this pendant 
arm to efficiently access the metal centre in order to insert into the Ln–H bond. 
 
Regioselectivity 
 
Even in the case of complexes containing a linked amido-cyclopentadienyl ligand, the 
coordination sphere around the metal appears to be encumbered. This observation is in 
accordance with the results obtained by Molander et al. in their study of the influence of 
parameters such as metal radius and ligand sterics on regioselectivity of 1-decene 
hydrosilylation by rare-earth metallocenes.11 They showed that a major condition for the 
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increase in 2,1-regioisomer versus 1,2-regioisomer was the accessible space at the active site 
of the catalyst and that the combination of a small metal and sterically hindered ligand gave 
complete 1,2-regioselectivity. The linked amido-cyclopentadienyl complexes do not appear to 
offer sufficient space for the substrate to allow the 2,1-hydrosilylation of 1-decene. Factors 
other than steric ones (e.g. the nature of the monomer-dimer equilibrium, the electronic 
features of the complex) may also play a role. 
 
Styrene 
 
Hydrosilylation of styrene occurred at considerably lower rates of conversion in comparison 
to 1-decene for the whole range of catalysts that were tested (see Table B.4.4). The ratio of 
anti-Markovnikov/Markovnikov isomer ranged from 4/96 to 46/54. 
 
Table B.4.4. Hydrosilylation of styrene with PhSiH3 catalysed by rare-earth metal alkyl complex with 
various linked amido-cyclopentadienyl ligand.a 
 
Complex TOF b Regioselectivity c 
[Y(η5-C5Me4SiMe2NtBu-κN)R(thf)] (87) 4.0 12 / 88 
[Lu(η5-C5Me4SiMe2NtBu-κN)R(thf)] (88) 0.18 11 / 89 
[Y(η5-C5Me4CH2SiMe2NtBu-κN)R(thf)] (89) 2.5 40 / 60 
[Lu(η5-C5Me4CH2SiMe2NtBu-κN)R(thf)] (77) 0.17 46 / 54 
[Y(η5-C5Me4SiMe2NPh-κN)R(thf)2] (90) 0.22 37 / 63 
[Lu(η5-C5Me4SiMe2NPh-κN)R(thf)2] (91) 0.17 31 / 69 
[Y(η5-C5Me4CH2SiMe2NPh-κN)R(thf)2] (78) 0.87 25 / 75 
[Lu(η5-C5Me4CH2SiMe2NPh-κN)R(thf)2] (81) 0.17 22 / 78 
[Y(η5-C5Me4CH2SiMe2NC6H4-tBu-4-κN)R(thf)2] (79) 0.80 27 / 73 
[Lu(η5-C5Me4CH2SiMe2NC6H4-tBu-4-κN)R(thf)1.5] (82) 0.17 30 / 70 
[Y(η5-C5Me4CH2SiMe2NC6H4-nBu-4-κN)R(thf)2] (80) 0.59 25 / 75 
[Lu(η5-C5Me4CH2SiMe2NC6H4-nBu-4-κN)R(thf)1.5] (83) 0.16 20 / 80 
[Y(η5-C5Me4CH2SiMe2NCH2CH2NMe2-κN,N’)R(thf)] (92) 2.7 4 / 96 
 
a R = CH2SiMe3. b in h–1. c ratio (1,2)/(2,1). 
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Structure-Activity Relationship: Length of the Link. 
 
For the tBuN substituent, the trend observed for styrene is exactly the opposite to what was 
found for 1-decene, the differences being however less pronounced: the catalysts bearing the 
longer CH2SiMe2 link were not always found to be more active than those with the shorter 
SiMe2 link. 
As was found for 1-decene for the PhN substitutent, a decrease in reactivity toward styrene 
was observed for all catalysts, when exchanging the short link for the long one (see Figure 
B.4.6). Only [Y(η5-C5Me4CH2SiMe2NPh-κN)(CH2SiMe3)(thf)2] (78) showed a higher 
activity than [Y(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2] (90) towards styrene. 
 
Figure B.4.6. Turnover frequencies for the styrene hydrosilylation by PhSiH3 catalysed by various rare-
earth metal trimethylsilylmethyl complexes. The effect of length of the link. 
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Structure-Activity Relationship: Substituent at the Amido-Nitrogen. 
 
For the hydrosilylation of styrene, the same trend as for 1-decene is observed: the reactivity 
globally decreases as the steric bulk of the substituent increases with increasing electron-
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acceptor character. In general, the anilido derivatives are less active when compared with the 
tBuN derivatives (see Figure B.4.7). 
The tridentate ligand [C5Me4CH2SiMe2NCH2CH2NMe2]2– appears to have a strong 
deactivating effect on the reactivity towards 1-decene, but gives a relatively active catalyst 
(92) for styrene (total conversion within 7.5 h). Furthermore, the hydrosilylation is highly 
regioselective (96% of Markovnikov or branched regioisomer). This type of activity and 
regioselectivity are observed with sterically more “open” catalysts such as  
[Nd(η5-C5Me5)2{CH(SiMe3)2}],16 [Y(η5-C5Me4CH2SiMe2NtBu-κN)(CH2SiMe3)(thf)] (89),5a 
[K(thf)2]3[(η5-C5Me5)6Sm6H15]5b or [Sm{(η5-C5Me4)2SiMe2}{CH(SiMe3)2}].7 The result 
obtained with the tridentate ligand can be correlated with the observation that the product of 
styrene insertion into the yttrium-hydride bond shows no phenyl-metal interaction in  
[Y(η5-C5Me4CH2SiMe2NtBu-κN)(CHCH3Ph)(thf)],5a whereas such an interaction is found in 
[Y(η5-C5Me4CH2SiMe2CH2CH2NMe2-κN,N’)(CHCH3Ph)]15 as well as in  
[Y(η5-C5Me4SiMe2NtBu-κN)(CHCH3Ph)].14b 
 
Figure B.4.7. Turnover frequencies for the styrene hydrosilylation by PhSiH3 catalysed by various rare-
earth metal trimethylsilylmethyl complexes. The effect of the amido-substituent. 
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Regioselectivity 
 
The formation of both regioisomers suggests a situation which is not only governed by the 
sterics of both catalyst and substrate, but also by the electronic properties of styrene.  
[Y(η5-C5Me4CH2SiMe2NCH2CH2NMe2-κN,N’)(CH2SiMe3)(thf)] is the only complex that 
displayed a very high regioselectivity for the branched isomer (96%). The fact that the 
proportion of Markovnikov regioisomer did not reach 100% might be due to at least two 
factors. These may be the steric bulk of the ligand and the ionic radius of the metal used. For 
metallocenes or ansa-metallocenes, the regioselectivity for the Markovnikov product can be 
increased up to 99% for the larger metal centres such as Nd or Sm.7,16 For the complex 
bearing the tridentate ligand with an additional pendant arm at the amido-nitrogen  
[Y(η5-C5Me4CH2SiMe2CH2CH2NMe2-κN,N’)(CH2SiMe3)(thf)] (92), the high selectivity for 
the Markovnikov product must be related to the hemilabile nature of the ligand. It is well 
known that styrene shows a strong preference for secondary insertion into the metal-hydride 
bonds,17 potentially leading to an η3-coordination at the Lewis-acidic metal centre. This may 
be due to an ηn pre-coordination between the π-electron system of the styrene and the 
electrophilic metal centre. This stabilisation of rare-earth metals by aromatic ring has been 
shown to be quite common in benzyl and other arene-containing complexes.7,14b,18 Since the 
Markovnikov (primary) regioisomer is observed in non-negligible quantities in every 
experiment, a parallel reaction pathway involving a primary insertion must exist (see Scheme 
B.4.5). 
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Scheme B.4.5.  
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Under kinetic control, this energetically favored interaction results in the preference for 
secondary regioisomer. At longer reaction time (in the case of less active catalysts) the 
primary hydrosilylation product tends to increase. Interestingly the related scandium hydride 
complex [Sc(η5-C5Me4SiMe2NtBu-κN)(µ-H)(PMe3)]2 8b,19 gave a the bis(insertion) product 
[Sc(η5-C5Me4SiMe2NtBu-κN){CH(Ph)CH2CH2CH2Ph}(PMe3)] as a result of primary 
insertion followed by a secondary insertion. 
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B.4.3. Conclusion. 
 
The following general trends for the hydrosilylation activity of olefins using “constrained 
geometry” catalysts of the rare earth metals yttrium and lutetium can be recognised: 
The apparently slight decrease in the ionic radius from Y to Lu (3.75% for coordination 
number 6)20 results in a rather significant drop in hydrosilylation activity towards both 1-
decene and styrene. 
The activity trends do not follow simple structure-activity relationship, evidently due to some 
subtle effects, both steric and electronic, on the hydride dimer-monomer equilibrium. At this 
time we cannot exclude the possibility that the hydride dimer itself may insert olefin to give a 
µ-alkyl species.8b,19 The effect of amido-substituents remain also somewhat obscure; the 
specific role of tert-amido group in titanium based constrained geometry catalysts has been 
noted before.21 
The regioselectivty for 1-decene hydrosilylation is perfect for anti-Markovnikov (1,2) 
product, whereas for styrene both regioisomers are observed, with the Markovnikov product 
preferred in all cases examined. 
In order to elucidate further the structure-activity relationship for these constrained geometry 
catalysts, detailed kinetic analysis is required. However, as was suggested earlier,5a,f the rather 
qualitative concept of “opening up” the reaction site to increase reactivity is much more 
intricate than in the case of the metallocenes. 
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B.4.4. Experimental Section. 
 
The following products were prepared according to published procedures: 
(C5Me4H)CH2SiMe2Cl,5a (C5Me4H)CH2SiMe2NHtBu,5a [Y(CH2SiMe3)3(thf)2],22  
[Y(η5-C5Me4SiMe2NtBu-κN)(CH2SiMe3)(thf)] (87),14 [Lu(η5-C5Me4SiMe2NtBu-
κN)(CH2SiMe3)(thf)] (88),12 [Y(η5-C5Me4CH2SiMe2NtBu-κN)(CH2SiMe3)(thf)] (89),5a 
[Ln(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2] [Ln = Y (90), Lu (91)],13  
[Y(η5-C5Me4CH2SiMe2NCH2CH2NMe2-κN,N’)(CH2SiMe3)(thf)] (92).15 
 
Anilido-Cyclopentadienyl ligands. 
 
HC5Me4CH2SiMe2NHPh (72) 
A suspension of lithium amide LiNHPh (5130 mg, 51.8 mmol) in 100 mL of thf was cooled 
to −78 °C and treated with (C5Me4H)CH2SiMe2Cl (11870 mg, 51.8 mmol). The cooling bath 
was removed and the mixture stirred overnight at room temperature. After removing the 
solvent under vacuum the residue was extracted with hexane (3 × 15 mL). The solvent was 
removed under vacuum and the residual oil was distilled under reduced pressure (148 °C, 
2.10–1 mbar) to afford 72 (10790 mg, 73%) as a clear yellow oil. 
• 1H NMR (benzene-d6, 25 °C): δ = 0.16 (s, 6H, SiMe2), 0.96, 0.99 (d, 2JHH = 7.5 resp. 7.8 Hz,  
4H, CH2Si), 1.73, 1.75, 1.75, 1.76, 1.78, 1.87 (s, 3H, C5Me4), 2.45, 2.55 (m, 1H,  
C5Me4H), 3.11, 3.20 (br s, 1H, NH), 6.60 (d, 3JHH = 8.6 Hz, 2H, 2-,6-C6H5), 6.75 (t,  
3JHH = 5.5 Hz, 1H, 4-C6H5), 7.12 (t, 3JHH = 6.3 Hz, 2H, 3-,5-C6H5). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = –1.1, –0.9, –0.7 (SiMe2), 11.3, 11.7, 11.8, 11.9, 
12.6,  
14.7 (C5Me4), 16.2, 16.8 (CH2Si), 51.3, 51.8 (C5Me4CH2, C attached to CH2), 116.6, 
116.7, 116.8, 118.1, 118.2 (C6H5), 129.5, 129.6, 134.1, 134.5, 134.6, 138.5, 138.8 
(C5Me4CH2, C attached to Me4), 147.5 (1-C6H5). 
• EI-MS m/z (%): 285 (19, M+), 192 (28, C5Me4CH2SiMe2+), 150 (100, Me2SiNHC6H5+), 134  
(14, C5Me4CH2+), 120 (7, C5Me4+), 91 (6, NC6H5+), 77 (2, C6H5+), 58 (3, SiMe2+). 
• Anal. Calcd. for C18H27NSi (285.50 g.mol–1): C, 75.72; H, 9.53; N, 4.91. Found: C, 75.76;  
H, 9.29; N, 4.85. 
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HC5Me4CH2SiMe2NHC6H4tBu-4 (73) 
To a solution of LiNHC6H4CMe3 (3967 mg, 25.6 mmol) in 60 mL thf was added at –78 °C a 
solution of (HC5Me4)CH2SiMe2Cl (5850 mg, 25.6 mmol) in 40 mL thf. After addition, the 
cold bath was removed, the solution allowed to raise to room temperature and stirred over 
night. The solvent was removed under vacuum and the residual mixture extracted with 
pentane (3×20 mL). Pentane was removed under vacuum and the remaining brownish oil was 
distilled under reduced pressure (154 °C, 2.10–1 mbar) to give 73 (7150 mg, 82%) as a yellow 
oil. 
• 1H NMR (benzene-d6, 25 °C): δ 0.14 (s, 6H, SiMe2), 0.92, 0.94 (d, 2JHH = 7.7 resp. 7.6 Hz,  
2H, CH2Si), 1.22 (s, 9 H, CMe3), 1.69, 1.73 (s, 6 H, C5Me4), 2.45, 2.60 (m, 1H,  
C5Me4H), 3.06, 3.15 (s, 1H, NH), 6.55 (d, 3JHH=8.7 Hz, 2H, 2-,6-C6H5), 7.12 (d,  
3JHH=11.6 Hz, 2H, 3-,5-C6H5). 
• 13C NMR (benzene-d6, 25 °C): δ –1.0, –0.8, –0.6 (SiMe2), 11.3, 11.7, 11.8, 11.9, 12.6  
(C5Me4), 14.7 (CH2Si), 31.8 (CMe3), 33.9 (CMe3), 51.3, 51.8 (C5Me4CH2, C attached 
to CH2), 116.4 (2-,6-C6H5), 126.3 (3-,5-C6H5), 132.8, 134.1, 134.5, 135.5, 137.1, 
138.4, 138.9, 140.4, 140.5 (C5Me4CH2, C attached to Me4), 144.9 (1-C6H5). 
• EI MS m/z (%): 341 (14, M+), 206 (49, SiMe2NHC6H4CMe3+), 192 (32, C5Me4CH2SiMe2+),  
148 (11, NHC6H4CMe3+), 134 (100, C5Me4CH2+), 133 (71, C6H4CMe3+), 120 (7,  
C5Me4+), 91 (65, NC6H5+), 77 (66, C6H5+). 
• Anal. Calcd. for C22H35NSi (341.61g.mol–1): C, 77.35; H, 10.33; N, 4.10. Found: C, 78.56;  
H, 10.48; N, 4.12. 
 
HC5Me4CH2SiMe2NHC6H4nBu-4 (74) 
74 was synthesised by treating a 30 mL thf solution of LiNHC6H4(CH2)3CH3 (2328 mg, 15 
mmol) with a 20 mL thf solution of HC5Me4CH2SiMe2Cl (3433 mg, 15 mmol) at –78 °C. 
After removing the cold bath and stirring overnight, the thf was removed, the residue 
extracted with pentane (2 × 20 mL), and the pentane also removed. The distillation was 
carried out with a Kugelrohr device at 240 °C and 2.10–1 mbar and afforded 74 (3380 mg, 
66%) as a yellow oil. 
• 1H NMR (benzene-d6, 25 °C): δ = 0.19 (s, 6H, SiMe2), 0.87 (t, 3JHH = 7.0 Hz, 3H, - 
CH2CH2CH2CH3), 0.97, 1.00 (d, 2JHH = 7.6 resp. 7.6 Hz, 2H, CH2Si), 1.29 (sxt,  
3JHH = 7.0 Hz, 2H, -CH2CH2CH2CH3), 1.61 (qt, 3JHH = 7.0 Hz, 2H, -
CH2CH2CH2CH3), 1.74, 1.78 (s, 6H, C5Me4), 2.50, 2.59 (m, 1H, C5Me4H), 2.54 (t, 
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3JHH = 7.0 Hz, 2H, -CH2CH2CH2CH3), 3.05, 3.14 (s, 1H, NH), 6.58 (d, 3JHH=8.5 Hz, 
2H, 2-,6-C6H5), 6.98 (d, 3JHH=7.5 Hz, 2H, 3-,5-C6H5). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = –1, –0.8, –0.6 (SiMe2), 11.3, 11.7, 11.8, 11.9, 12.6  
(C5Me4), 14.2 (-CH2CH2CH2CH3), 14.7 (CH2Si), 22.6 (-CH2CH2CH2CH3), 34.4 (- 
CH2CH2CH2CH3), 35.2 (-CH2CH2CH2CH3), 51.3, 51.8 (C5Me4CH2, C attached to 
CH2), 116.8 (2-,6-C6H5), 129.4 (3-,5-C6H5), 132.1, 132.8, 134.1, 134.5, 135.5, 137.1, 
138.4, 138.9 (C5Me4CH2, C attached to Me4), 145.2 (1-C6H5). 
• EI MS m/z (%): 341 (4, M+), 206 (27, SiMe2NHC6H4(CH2)3CH3+), 192 (6,  
C5Me4CH2SiMe2+), 148 (11, NHC6H4(CH2)3CH3+), 134 (17, C5Me4CH2+), 133 (71,  
C6H4(CH2)3CH3+), 120 (54, C5Me4+), 91 (10, NC6H5+), 77 (23, C6H5+). 
• Anal. Calcd. for C22H35NSi (341.61g.mol–1): C, 77.35; H, 10.33; N, 4.10. Found: C, 76.77;  
H, 10.40; N, 4.38. 
 
Constrained Geometry Alkyl Complexes 
 
[Lu(η5-C5Me4CH2SiMe2NtBu-κN)(CH2SiMe3)(thf)] (77) 
 [Lu(CH2SiMe3)3(thf)2] (445 mg, 0.75 mmol) in suspension in 15 mL of pentane at –78 °C 
was treated with HC5Me4CH2SiMe2NHtBu (199 mg, 0.75 mmol) dissolved in 5 mL of 
pentane. After the addition, the mixture was stirred 30 minutes before the cold bath was 
removed and replaced by an ice bath. Additional stirring for three hours afforded a clear 
solution. Removing the solvent under reduced pressure gave the product as a brownish oil. 
After drying the product for one hour, 6 mL of pentane were added and the volume of the 
resulting clear solution slowly reduced, whereupon white solids fell out of solution. Filtration 
and drying afforded 77 (226 mg, 51%) as a white powder. 
• 1H NMR (benzene-d6, 25 °C): δ = –0.97 (s, 2H, LuCH2), 0.35 (s, 9H, SiMe3), 0.49 (s, 6H,  
SiMe2), 1.07 (br s, 4H, β-thf), 1.38 (s, 9H, CMe3), 1.80-2.40 (br s, 4×3H, C5Me4),  
2.18 (s, 2H, CH2Si), 3.39 (br s, 4H, α-thf). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 3.7 (SiMe3), 7.2 (SiMe2), 10.0, 10.2 (C5Me4), 16.1  
(CH2Si), 23.1 (β-thf), 31.7 (s, LuCH2), 33.8 (CMe3), 52.1 (CMe3), 69.3 (α-thf),  
120.9, 12.7 (C5Me4CH2, C attached to Me4), 135.0 (C5Me4CH2, C attached to CH2). 
• Anal. Calcd. for C24H48NOSi2Lu (597.79 g.mol–1): C, 48.22; H, 8.09; N, 2.34, Lu, 29.27.  
Found: C, 41.40; H, 7.66; N, 2.70; Lu, 28.68. 
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[Y(η5-C5Me4CH2SiMe2NPh-κN)(CH2SiMe3)(thf)2] (78) 
A solution of [Y(CH2SiMe3)3(thf)2] (1210 mg, 2.4 mmol) in 40 mL of pentane was cooled 
down to –78 °C and treated with 72 (686 mg, 2.4 mmol). The mixture was stirred for 2 hours 
and the solution was allowed to warm up to 0 °C. The solution was concentrated under 
vacuum and stored overnight at –30 °C, whereupon colourless diffraction quality crystals of 
78 (1040 mg 72%) could be isolated. 
• 1H NMR (benzene-d6, 25 °C): δ = –0.91 (d, 2JYH = 2.7 Hz, 2H, YCH2), 0.29 (s, 9H, SiMe3),  
0.51 (s, 6H, SiMe2), 1.17 (br s, 8H, β-thf), 1.99, 2.12 (s, 6H, C5Me4), 2.23 (s, 2H,  
CH2Si), 3.57 (br s, 8H, α-thf), 6.68 (t, 3JHH = 7.3 Hz, 1H, 4-C6H5), 6.78 (d, 3JHH =  
7.9 Hz, 2H, 2-,6-C6H5), 7.20 (t, 3JHH = 7.8 Hz, 2H, 3-,5-C6H5). 
• 1H NMR (toluene-d8, 25 °C): δ = –0.97 (d, 1JYH = 2.8 Hz, 2H, YCH2), 0.23 (s, 9H, SiMe3),  
0.47 (s, 6H, SiMe2), 1.25 (br s, 8H, β-thf), 1.98, 2.09 (s, 6H, C5Me4), 2.18 (s, 2H,  
CH2Si), 3.56 (br s, 8H, α-thf), 6.65 (t, 3JHH = 7.3 Hz, 1H, 4-C6H5), 6.73 (d, 3JHH =  
8.1 Hz, 2H, 2-,6-C6H5), 7.15 (t, 3JHH = 7.9 Hz, 2H, 3-,5-C6H5). 
• 1H NMR (toluene-d8, –70 °C): δ = –0.97 (br s, 2H, YCH2), 0.43 (s, 9H, SiMe3), 0.65 (s, 6H,  
SiMe2), 0.96, 1.05 (m, 8H, β-thf), 1.89, 2.25 (s, 6H, C5Me4), 2.31 (s, 2H, CH2Si), 3.53,  
3.81 (m, 8H, α-thf), 6.53 (d, 3JHH = 6.7 Hz, 1H, 2-C6H5), 6.70 (t, 3JHH = 7.2 Hz, 1H,  
4-C6H5), 6.84 (d, 3JHH = 7.5 Hz, 1H, 6-C6H5), 7.22, 7.32 (t, 3JHH = 7.3 Hz, 1H, 3-,5- 
C6H5). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 3.9 (SiMe2), 4.8 (SiMe3), 11.5, 11.7 (C5Me4), 17.0  
(CH2Si), 24.4 (d, 1JYC = 40.3 Hz, YCH2), 25.3 (β-thf), 70.3 (α-thf), 115.9, 116.1 
(C5Me4CH2, C attached to Me4), 116.7 (4-C6H5), 119.6 (2-,6-C6H5), 123.6 
(C5Me4CH2, C attached to CH2), 130.7 (3-,5-C6H5), 156.2 (1-C6H5). 
• 13C{1H} NMR (toluene-d8, 25 °C): δ = 4.4 (SiMe2), 5.2 (SiMe3), 12.0, 12.2 (C5Me4), 17.5  
(CH2Si), 24.9 (d, 1JYC = 43.6 Hz, YCH2), 25.8 (β-thf), 70.7 (α-thf), 116.4, 116.6 
(C5Me4CH2, C attached to Me4), 117.2 (4-C6H5), 120.1 (2-,6-C6H5), 124.1 
(C5Me4CH2, C attached to CH2), 130.7 (3-,5-C6H5), 156.6 (1-C6H5). 
• Anal. Calcd. for C30H52NO2Si2Y (603.82 g.mol–1): C, 59.67; H, 8.68; N, 2.32; Y, 14.71.  
Found: C, 58.78; H, 8.65; N, 2.87; Y, 14.68. 
 
[Lu(η5-C5Me4CH2SiMe2NPh-κN)(CH2SiMe3)(thf)2] (81) 
A pentane suspension (15 mL) of [Lu(CH2SiMe3)3(thf)2] (356 mg, 0.6 mmol) at –78 °C was 
treated with a pentane solution (5 mL) of 72 (171 mg, 0.6 mmol). After addition, the mixture 
was stirred for 30 minutes before the cold bath was removed and replaced by an ice bath. 
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Additional stirring for 3 hours afforded a clear solution. Reducing the volume of solvent to 4 
mL approximately resulted in the precipitation of a white powder. The remaining solvent was 
filtered off, the product washed with 3 mL of –20 °C cold pentane, and dried under vacuum to 
afford 81 (230 mg, 56%) as a white powder. 
• 1H NMR (benzene-d6, 25 °C): δ = –0.84 (s, 2H, LuCH2), 0.26 (s, 9H, SiMe3), 0.42 (s, 6H,  
SiMe2), 1.17 (br s, 8H, β-thf), 2.06, 2.12 (s, 6H, C5Me4), 2.22 (s, 2H, CH2Si), 3.43 (br  
s, 8H, α-thf), 6.76 (t, 3JHH = 7.3 Hz, 1H, 4-C6H5), 6.93 (d, 3JHH = 7.3 Hz, 2H, 2-,6- 
C6H5), 7.15 (t, 3JHH = 7.4 Hz, 2H, 3-,5-C6H5). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 4.2 (SiMe2), 4.8 (SiMe3), 11.4, 11.5 (C5Me4), 16.3  
(CH2Si), 31.3 (s, LuCH2), 25.5 (β-thf), 69.0 (α-thf), 115.3, 115.7 (C5Me4CH2, C 
attached to CH2), 119.0 (4-C6H5), 122.9 (C5Me4CH2, C attached to Me4), 123.9 (2-,6-
C6H5), 129.5 (3-,5-C6H5), 153.6 (1-C6H5). 
• Anal. Calcd. for C30H52NO2Si2Lu (689.89 g.mol–1): C, 52.23; H, 7.60; N, 2.03; Lu, 25.36.  
Found: C, 49.28; H, 7.60; N, 3.10; Lu, 24.94. 
 
[Y(η5-C5Me4CH2SiMe2NC6H4-tBu-4-κN)(CH2SiMe3)(thf)2] (79) 
A pentane solution (8 mL) of [Y(CH2SiMe3)3(thf)2] (527 mg, 1 mmol) was treated at –78 °C 
with a pentane solution (5mL) of 73 (342 mg, 1 mmol) and stirred for two hours. The clear 
resulting solution was then allowed to warm up to 0 °C and stirred for an additional one hour. 
Removing the volatiles under vacuum yielded 79 as a white powder (393 mg, 61%). Crystals 
suitable for X-ray analysis were obtained after recrystallisation from pentane at –40 °C. 
• 1H NMR (benzene-d6, 25 °C): δ –0.86 (d, 2JYH = 2.9 Hz, 2H, YCH2), 0.30 (s, 9H, SiMe3),  
0.53 (s, 6H, SiMe2), 1.17 (br s, 8H, β-thf), 1.27 (s, 9H, CMe3), 2.03, 2.12 (s, 6H,  
C5Me4), 2.24 (s, 2H, CH2Si), 3.54 (br s, 8H, α-thf), 6.79 (d, 3JHH = 8.5 Hz, 2H, 2-,6- 
C6H5), 7.25 (d, 3JHH = 8.5 Hz, 2H, 3-,5-C6H5). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 4.1 (SiMe2), 4.5 (SiMe3), 11.5, 11.6 (C5Me4), 16.9  
(CH2Si), 24.7 (d, 1JYC = 42.2 Hz, YCH2), 25.2 (β-thf), 70.1 (α-thf), 31.8 (CMe3),  
33.9 (CMe3), 115.9, 116.1 (C5Me4CH2, C attached to Me4), 120.0 (4-C6H4), 123.9 
(C5Me4CH2, C attached to CH2), 126.9 (2-,6-C6H4), 128.3 (3-,5-C6H4), 152.2 
(1-C6H4). 
• Anal. Calcd. for C34H60NO2Si2Y (659.93 g.mol–1): C, 61.88; H, 9.16; N, 2.12; Y, 13.47.  
Found: C, 61.13; H, 10.36; N, 2.19; Y, 13.44. 
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[Lu(η5-C5Me4CH2SiMe2NC6H4-tBu-4-κN)(CH2SiMe3)(thf)1.5] (82) 
A pentane solution (10 mL) of [Lu(CH2SiMe3)3(thf)2] (349 mg, 0.6 mmol) was treated at –78 
°C with a pentane solution (5mL) of 73 (205 mg, 1 mmol) and stirred for one hour at that 
temperature. The resulting clear solution was then allowed to warm up to 0 °C and stirred for 
an additional two hours. Removing the volatiles under vacuum yielded a brown oil that slowly 
crystallised over ten days at –40 °C to give 82 as a white solid (338 mg, 63%). 
• 1H NMR (benzene-d6, 25 °C): δ = –0.82 (s, 2H, LuCH2), 0.25 (s, 9H, SiMe3), 0.43 (s, 6H,  
SiMe2), 1.07 (br s, 6H, β-thf), 1.25 (s, 9H, CMe3), 2.07, 2.15 (s, 6H, C5Me4), 2.23  
(s, 2H, CH2Si), 3.39 (br s, 6H, α-thf), 6.91 (d, 3JHH = 8.6 Hz, 2H, 2-,6-C6H5), 7.21 (d,  
3JHH = 8.6 Hz, 2H, 3-,5-C6H5). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 4.3 (SiMe2), 4.8 (SiMe3), 11.4, 11.6 (C5Me4), 16.3  
(CH2Si), 25.0 (β-thf), 70.5 (α-thf), 31.4 (LuCH2), 31.8 (CMe3), 34.0 (CMe3), 115.2, 
115.7 (C5Me4CH2, C attached to Me4), 123.1 (C5Me4CH2, C attached to CH2), 124.0 
(2-,6-C6H4), 126.3 (3-,5-C6H4), 141.7 (4-C6H4), 150.0 (1-C6H4). 
• Anal. Calcd. for C32H56NO1,5Si2Lu (709.94 g.mol–1): C, 54.14; H, 7.95; N, 1.97; Lu, 24.64.  
Found: C, 52.18; H, 7.72; N, 2.37; Lu, 24.88. 
 
[Y(η5-C5Me4CH2SiMe2NC6H4-nBu-4-κN)(CH2SiMe3)(thf)2] (80) 
A pentane solution (10 mL) of [Y(CH2SiMe3)3(thf)2] (319 mg, 0.6 mmol) was treated at  
–78 °C with a pentane solution (8 mL) of 74 (205 mg, 0.6 mmol). After stirring for two hours 
at that temperature, the cold bath was replaced by an ice bath, and the solution was stirred for 
an additional hour. The solvent was removed under vacuum to yield 80 (279 mg, 71%) as a 
pale yellow powder. 
• 1H NMR (benzene-d6, 25 °C): δ = –0.81 (d, 2JYH = 3.0 Hz, 2H, YCH2), 0.31 (s, 9H, SiMe3),  
0.53 (s, 6H, SiMe2), 0.85 (t, 3JHH = 7.3 Hz, 3 H, -CH2CH2CH2CH3), 1.18 (br s, 8H, β- 
thf), 1.26 (sxt, 3JHH = 7.3 Hz, 2H, -CH2CH2CH2CH3), 1.52 (qt, 3JHH = 7.3 Hz, 2H, - 
CH2CH2CH2CH3), 2.06, 2.11 (s, 6H, C5Me4), 2.25 (s, 2H, CH2Si), 2.48 (t, 3JHH =  
7.3 Hz, 2H, -CH2CH2CH2CH3), 3.49 (br s, 8H, α-thf), 6.83 (d, 3JHH = 8.5 Hz, 2H, 2- 
,6-C6H5), 7.06 (d, 3JHH = 8.3 Hz, 2H, 3-,5-C6H5). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 4.1 (SiMe2), 4.8 (SiMe3), 11.5, 11.6 (C5Me4), 14.1 (- 
CH2CH2CH2CH3), 16.8 (CH2Si), 22.6 (-CH2CH2CH2CH3), 25.3 (d, 1JYC = 43.2 Hz,  
YCH2), 25.2 (β-thf), 69.8 (α-thf), 34.5 (-CH2CH2CH2CH3), 35.2 (-CH2CH2CH2CH3),  
115.8, 116.3 (C5Me4CH2, C attached to Me4), 121.3 (4-C6H4), 124.1 (C5Me4CH2, C 
attached to CH2), 128.6 (2-,6-C6H4), 130.2 (3-,5-C6H4), 151.8 (1-C6H4). 
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• Anal. Calcd. for C34H60NO2Si2Y (659.93 g.mol–1): C, 61.88; H, 9.16; N, 2.12; Y, 13.47.  
Found: C, 61.62; H, 9.44; N, 2.42; Y, 13.52. 
 
[Lu(η5-C5Me4CH2SiMe2NC6H4-nBu-4-κN)(CH2SiMe3)(thf)1.5] (83) 
A pentane solution (10 mL) of [Lu(CH2SiMe3)3(thf)2] (349 mg, 0.6 mmol) was treated at  
–78 °C with a pentane solution (5mL) of 74 (205 mg, 0.6 mmol) and stirred for one hour at 
that temperature. The resulting clear solution was then allowed to warm up to 0 °C and stirred 
for an additional two hours. Removing the volatiles under vacuum yielded 83 as a pale yellow 
oily solid (290 mg, 65%). 
• 1H NMR (benzene-d6, 25 °C): δ = –0.88 (s, 2H, LuCH2), 0.23 (s, 9H, SiMe3), 0.40 (s, 6H,  
SiMe2), 0.86 (t, 3JHH = 7.1 Hz, 3H, -CH2CH2CH2CH3), 1.09 (br s, 6H, β-thf), 1.25  
(sxt, 3JHH = 7.3 Hz, 2 H, -CH2CH2CH2CH3), 1.49 (qt, 3JHH = 7.3 Hz, 2H, - 
CH2CH2CH2CH3), 2.06, 2.13 (s, 6H, C5Me4), 2.20 (s, 2H, CH2Si), 2.47 (t, 3JHH = 7.3  
Hz, 2H, -CH2CH2CH2CH3), 3.38 (br s, 6H, α-thf), 6.86 (d, 3JHH = 8.5 Hz, 2H, 2-,6- 
C6H5), 6.99 (d, 3JHH = 8.3 Hz, 2H, 3-,5-C6H5). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 4.2 (SiMe2), 4.8 (SiMe3), 11.4, 11.6 (C5Me4), 14.2 (- 
CH2CH2CH2CH3), 16.3 (CH2Si), 22.6 (-CH2CH2CH2CH3), 25.0 (β-thf), 70.9 (α-thf),  
31.2 (LuCH2), 34.5 (-CH2CH2CH2CH3), 35.3 (-CH2CH2CH2CH3), 115.2, 115.7 
(C5Me4CH2, C attached to Me4), 123.0 (C5Me4CH2, C attached to CH2), 124.4 (2-
,6-C6H4), 129.4 (3-,5-C6H4), 133.5 (4-C6H4), 150.3 (1-C6H4). 
• Anal. Calcd. for C32H56NO1,5Si2Lu (709.94 g.mol–1): C, 54.14; H, 7.95; N, 1.97; Lu, 24.64.  
Found: C, 51.45; H, 7.72; N, 2.56; Lu, 24.14. 
 
Constrained Geometry Hydride Complexes 
 
[{Y(η5-C5Me4CH2SiMe2NPh-κN)(µ-H)(thf)}2] (84) 
The alkyl complex 78 (815 mg, 1.3 mmol) was charged in a thick-walled glass reactor, 
dissolved in 30 mL of pentane and exposed to 4 bar of dihydrogen. After stirring for 16 h, a 
white precipitate had formed. Decanting off the supernatant, washing with pentane (2 × 5 mL) 
and drying under vacuum yielded 84 (425 mg, 71%) as a white solid. 
• 1H NMR (thf-d8, 25 °C): δ = –0.04 (br s, 6H, SiMe2), 1.64 (br s, 4H, β-thf), 1.78, 2.02 (s,  
6H, C5Me4), 1.87 (s, 2H, CH2Si), 3.50 (br s, 4H, α-thf), 5.10 (t, 1JYH = 28.4 Hz, 1H, 
YH), 6.56 (m, 3H, 2-,4-,6-C6H5), 6.86 (t, 2H, 3JHH = 8.0 Hz, 3-,5-C6H5). 
• Due to the very low solubility of 84 in thf-d8, no 13C NMR data were collected. 
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• Anal. Calcd. for C44H68N2O2Si2Y2 (891.02 g.mol–1): C, 59.31; H, 7.69; N, 3.14; Y, 19.96.  
Found: C, 58.93; H, 8.06; N, 2.93; Y, 19.22. 
 
[{Y(η5-C5Me4CH2SiMe2NC6H4tBu-4-κN)(µ-H)(thf)}2] (85) 
The alkyl complex 79 (486 mg, 0.75 mmol) was charged in a thick-walled glass reactor, 
dissolved in 8 mL of pentane and exposed to 4 bar of dihydrogen. After stirring for 16 h, a 
white precipitate had formed. Decanting off the supernatant, washing with pentane (2 × 5 mL) 
and drying under vacuum yielded 85 (158 mg, 42%) as a white solid. Crystals suitable for  
X-ray diffraction analysis were obtained by successively layering a pentane/thf mixture of 79 
with neat pentane, and a pentane solution of phenylsilane (3 equivalents). Crystals appeared 
after three days at 6 °C. 
• 1H NMR (thf-d8, 60 °C): δ = 0.00 (br s, 6H, SiMe2), 1.26 (br s, 9H, CMe3), 1.73 (br s, 4H,  
β-thf), 1.77, 2.02 (s, 6H, C5Me4), 1.94 (s, 2H, CH2Si), 3.58 (br s, 4H, α-thf), 5.10 (t,  
1JYH = 29.9 Hz, 1H, YH), 6.58 (d, 3JHH = 8.4 Hz, 2H, 2-,6-C6H4), 7.08 (d, 3JHH = 8.4  
Hz, 2H, 3-,5-C6H5). 
• Due to the very low solubility of 85 in thf-d8, no 13C NMR data were collected. 
• Anal. Calcd. for C52H84N2O2Si2Y2 (1003.23 g.mol–1): C, 62.26; H, 8.44; N, 2.79; Y, 17.72.  
Found: C, 59.96; H, 8.38; N, 2.80; Y, 17.12. 
 
[{Y(η5-C5Me4CH2SiMe2NC5H4nBu-4-κN)(µ-H)(thf)}2] (86). 
The alkyl complex 80 (396 mg, 0.6 mmol) was charged in a thick-walled glass reactor, 
dissolved in 10 mL of pentane and exposed to 4 bar of dihydrogen. After stirring for 16 h, a 
white precipitate had formed. Decanting off the supernatant, washing with pentane (2 × 5 mL) 
and drying under vacuum yielded 86 (110 mg, 36%) as a white solid. 
• 1H NMR (benzene-d6, 25 °C):  δ = 0.02 (s, 6H, SiMe2), 0.88 (t, 3JHH = 7.1 Hz, 3H, - 
CH2CH2CH2CH3), 1.32 (sxt, 3JHH = 7.1 Hz, 2H, -CH2CH2CH2CH3), 1.53 (qt, 3JHH =  
7.1 Hz, 2H, -CH2CH2CH2CH3), 1.77 (br s, 4H, β-thf), 1.77, 2.02 (s, 6H, C5Me4), 1.93  
(s, 2H, CH2Si), 2.46 (t, 3JHH = 7.1 Hz, 2H, -CH2CH2CH2CH3), 3.59 (br s, 4H, α-thf),  
5.11 (t, 1JYH = 29.9 Hz, 1H, YH), 6.59 (d, 3JHH = 8.1 Hz, 2H, 2-,6-C6H4), 6.83 (d, 3JHH  
= 8.1 Hz, 2H, 3-,5-C6H5). 
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 5.4 (SiMe2), 11.5, 12.3 (C5Me4), 14.2 (- 
CH2CH2CH2CH3), 16.2 (CH2Si), 22.8 (-CH2CH2CH2CH3), 25.2 (β-thf), 34.6 (- 
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CH2CH2CH2CH3), 35.5 (-CH2CH2CH2CH3), 72.4 (α-thf), 115.8, 116.3 (C5Me4CH2, C 
attached to Me4), 121.3 (4-C6H4), 124.1 (C5Me4CH2, C attached to CH2), 128.6 (2-,6-
C6H4), 130.2 (3-,5-C6H4). 
• Anal. Calcd. for C52H84N2O2Si2Y2 (1003.23 g.mol–1): C, 62.26; H, 8.44; N, 2.79; Y, 17.72.  
Found: C, 54.92; H, 8.04; N, 2.81; Y, 18.07. 
 131
Constrained Geometry Catalysts 
B.4.5. References and Notes. 
 
(1) (a) Molander, G. A. Chem. Rev. 1992, 92, 29. (b) Molander, G. A.; Romero, J. A. C. 
Chem. Rev. 2002, 102, 2161. (c) Anwander, R. in Applied Homogeneous Catalysis 
with Organometallic Compounds (Eds. B. Cornils, W. A. Herrmann), 2nd Edit., Wiley-
VCH, Germany, 2, 2002, 974. 
(2) (a) Onozawa, S.; Sakakura, T.; Tanaka, M. Tetrahedron Lett., 1994, 35, 8177.  
(b) Molander, G. A.; Winterfeld, J. J. Organomet. Chem. 1996, 524, 275. (c) 
Molander, G. A.; Retsch, W. H. J. Am. Chem. Soc. 1997, 117, 8817. (d) Schumann, 
H.; Keitsch, M. R.; Winterfeld, J.; Mühle, S.; Molander, G. A. J. Organomet. Chem. 
1998, 559, 181. (e) Molander, G. A.; Corrette, C. P. Organometallics 1998, 17, 5504. 
(f) Schumann, H.; Keitsch, M. R.; Demtschuk, J.; Molander, G. A. J. Organomet. 
Chem. 1999, 582, 70. 
(3) Voskoboynikov, A. Z.; Shestakova, A. K.; Beletskaya, I. P. Organometallics 2001, 20, 
2794. 
(4) Molander, G. A.; Julius, M. J. Org. Chem. 1992, 57, 6347. 
(5) (a) Trifonov, A. A.; Spaniol, T. P.; Okuda, J. Organometallics 2001, 20, 4869. (b) 
Hou, Z.; Zhang, Y.; Tardif, O.; Wakatsuki, Y. J. Am. Chem. Soc. 2001, 123, 9216. (c) 
Arndt, S.; Okuda, J. Chem. Rev. 2002, 102, 1953. (d) Tardif, O.; Nishiura, M.; Hou, Z. 
Tetrahedron 2003, 59, 10525. (e) Okuda, J. Dalton Trans. 2003, 2367. (f) Trifonov, 
A. A.; Spaniol, T. P.; Okuda, J. Dalton Trans. 2004, 2245. (g) Elvidge, B. R.; Arndt, 
S.; Spaniol, T. P.; Okuda, J. Dalton Trans. 2006, 890. 
(6) (a) Gountchev, T. I.; Tilley, T. D. Organometallics 1999, 18, 5661. (b) Takaki, K.; 
Sonoda, K.; Kousaka, T.; Koshoji, G.; Shishido, T.; Takehira, K. Tetrahedron Lett. 
2001, 42, 9211. (c) Horino, Y.; Livinghouse, T. Organometallics 2004, 23, 12. 
(7) Fu, P.-F.; Brard, L.; Li, Y.; Marks, . J. J. Am. Chem. Soc. 1995, 117, 7157. 
(8) For a typical procedure, see: (a) Shapiro, P. J.; Bunel, E. E.; Schaefer, W. P.; Bercaw, 
J. E. Organometallics 1990, 9, 867. (b) Shapiro, P. J.; Cotter, W. D.; Schaefer, W. P.; 
Labinger, J. A.; Bercaw, J. E. J. Am. Chem. Soc. 1994, 116, 4623. 
(9) Zhang, W.-X.; Nishiura, M.; Hou, Z. Chem. Eur. J. 2007, 13, 4037. 
(10) Takaki, K.; Komeyama, K.; Takehira, K. Tetrahedron 2003, 59, 10381. 
(11) Molander, G. A.; Dowdy, E. D.; Noll, B. C. Organometallics 1998, 17, 3754. 
(12) Arndt, S.; Voth, P.; Spaniol, T. P.; Okuda, J. Organometallics 2000, 19, 4690. 
 132
Constrained Geometry Catalysts 
(13) (a) Nishiura, M.; Hou, Z.; Wakatsuki, Y.; Yamaki, T.; Miyamoto, T. J. Am. Chem. 
Soc. 2003, 125, 1184. (b) Nishiura, M.; Hou, Z. J. Mol. Cat. A 2004, 213, 101. (c) 
Zhang, W.-Z.; Nishiura, M.; Hou, Z. J. Am. Chem. Soc. 2005, 127, 16788. 
(14) (a) Hultzsch, K. C.; Spaniol, T. P.; Okuda, J. Angew. Chem. Int. Ed. 1999, 38, 227. (b) 
Hultzsch, K. C.; Voth, P.; Beckerle, K.; Spaniol, T. P.; Okuda, J. Organometallics 
2000, 19, 228. 
(15) Voth, P.; Spaniol, T. P.; Okuda, J. Organometallics 2003, 22, 3921. 
(16) Sakakura, T.; Lautenschlager, H.-J.; Tanaka, M. J. Chem. Soc., Chem. Commun. 1991, 
1, 40. 
(17) (a) Zambelli, A.; Longo, P.; Pellecchia, C.; Grassi, A. Macromol. 1987, 20, 2037. (b) 
Burger, B. J.; Santarsiero, B. D.; Trimmer, M. S.; Bercaw, J. E. J. Am. Chem. Soc. 
1988, 110, 3134. (c) Nelson, J. E.; Bercaw, J. E.; Labinger, J. A. Organometallics 
1989, 8, 2484. (d) Lapointe, A. M.; Rix, F. C.; Brookhart, M. J. Am. Chem. Soc. 1997, 
119, 906. 
(18) (a) Mintz, E. A.; Moloy, K. G.; Marks, T. J.; Day, V. W. J. Am. Chem. Soc. 1982, 104, 
4692. (b) Evans, W. J.; Ulibarri, T. A.; Ziller, J. W. J. Am. Chem. Soc. 1990, 112, 219. 
(19) Voth, P.; Arndt, S.; Spaniol, T. P.; Okuda, J.; Green, M. L. H.; Ackerman, L. J. 
Organometallics 2003, 22, 65. 
(20) Shannon, R. D. Acta Cryst. A 1976, 32, 751. 
(21) Okuda, J.; Musikabhumma, K.; Sinnema, P.-J. Isr. J. Chem. 2002, 42, 383. 
(22) (a) Lappert, M. F.; Pearce, R. J. Chem. Soc. Chem. Commun. 1973, 126. (b) Evans, W. 
J.; Brady, J. C.; Ziller, J. W. J. Am. Chem. Soc. 2001, 123, 7711. 
 133
Group 13 Alkyls and Allyls. 
B.5. Group 13 Alkyl and Allyl Complexes.* 
 
B.5.1. Introduction. 
  
As an alternative to Brønsted acids such as [NEt3H]+[BPh4]– or strong Lewis acids such as 
[Ph3C]+[B(C6F5)4]– for the irreversible generation of cationic species, alkyl abstraction by 
neutral Lewis acids has already been shown to be an efficient method. Especially good 
candidates are Group 13 organometallic species such as [B(C6X5)3] (X = H, F).1 Thus, charge-
separated2 or contact ion pairs can be isolated.3 The charge separated nature of the ion pair 
[Y(CH2SiMe3)2(thf)4]+[Al(CH2SiMe3)4]–, isolated from the reaction of [Y(CH2SiMe3)3(thf)2] 
and [Al(CH2SiMe3)3], was unexpectedly found to be dependent on the nature of the solvent.2,4 
In order to provide a better understanding of their structure/reactivity relationship, a structural 
study on the series of trivalent Group 13 tri(alkyl) derivatives [{E(CH2SiMe3)3}n] [E = B, n = 
1 (93); Al, 2 (94); Ga, 1 (95); In, 2 (96)] was carried out. 
Investigations on the accessibility of aluminium tri(allyl) [Al(η1-CH2CH=CH2)3(thf)] (97) and 
its reactivity are also reported. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
* Crystal growing and data collection of the [{E(CH2SiMe3)3}n] reported in this chapter were carried out by Prof. 
Dr. Ulli Englert. Published part of this chapter: (a) Kramer, M. U.; Robert, D.; Nakajima, Y.; Englert, U.; 
Spaniol, T. P.; Okuda, J. Eur. J. Inorg. Chem. 2007, 665. (b) Peckermann, I.; Robert, D.; Englert, U.; Spaniol, T. 
P.; Okuda, J. Organometallics 2008, manuscript accepted. 
 
 134 
 
Group 13 Alkyls and Allyls. 
B.5.2. Results and Discussion. 
 
B.5.2.1. Neutral Tris(trimethylsilylmethyl) Compounds. 
 
Tris(trimethylsilylmethyl)boron. 
 
As expected, the crystal structure of tris(trimethylsilylmethyl)boron (93) reveals discrete 
molecules (see Figure B.5.1), structurally similar to [BEt3] with respect to the arrangement of 
the ligands around the central atom.5 The three B–C–Si angles [117.04° on average, ranging 
from 114.27(14)° to 119.73(15)°] deviate from the ideal tetrahedral angle 109.47° at the 
carbon, which was already observed in other tri(alkyl) boron compounds [cf. [BEt3]: B–C–C 
= 118.9° mean,5 or [BtBu3]: B–C–C = 120.6(2)° 6]. In these compounds, hyperconjugation 
was invoked to justify these abnormally large angles. In 93 however, it is more likely that the 
important steric bulk of the trimethylsilyl groups dictates their orientation, rather than 
hyperconjugation. Indeed, the B–C–Si angles of the two groups pointing towards each other 
[B–C1–Si1: 117.13(13)° and B–C3–Si3: 119.73(15)°] are found to be larger than the 
corresponding angle in the third alkyl group [B–C2–Si2: 114.27(14)°]. 
 
Figure B.5.1. ORTEP view of [B(CH2SiMe3)3] (93). Displacement ellipsoids drawn at the 50% probability 
level. Hydrogen atoms omitted for clarity. Selected bond angles (Å) and angles (°): B–C1 1.567(3), B–
C2 1.563(3), B–C3 1.573(3), C1–Si1 1.871(2), C2–Si2 1.8820(19), C3–Si3 1.874(2); C1–B–C2 
119.01(17), C2–B–C3 121.12(17), C3–B–C1 119.82(18), B–C1–Si1 117.13(13), B–C2–Si2 
114.27(14), B–C3–Si3 119.73(15). 
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The B–C bond lengths [1.568 Å mean, ranging from 1.563(3) Å to 1.573(3) Å] do not present 
any particular deviation from the values typically observed in homoleptic boron compounds. 
The same is true for the C–B–C angles, the planar geometry around the boron centre being 
almost perfect (ΣC–B–C = 359.95°).  
 
Tris(trimethylsilylmethyl)aluminium. 
 
As many other homoleptic (e.g. [(AlMe3)2],7 [(AlPh3)2],8 [{Al(cyclo-Pr)3}2],9 [{Al(C6H4-2-
Me)3}2]10) and mixed-alkyl (e.g. [{AlMe2(µ-Ph)}2],11 [{AliBu2(µ-CH=CHtBu)}2]12) 
aluminium species, [{Al(CH2SiMe3)3}2] (94) was found to adopt a dimeric structure (see 
Figure B.5.2). The molecule shows crystallographic inversion symmetry and exhibits in 
addition two non-equivalent C–Al bonds for each bridging carbon in the solid state. Only few 
organoaluminium compounds have so far been reported to exhibit such unsymmetrical 
bridges (e.g. [{AlPh2(µ-C≡CPh)}2],13 or [{AlMe2(µ-C≡CMe)}2]14). Until now, no homoleptic 
dimeric tri(alkyl) aluminium compound featuring non-equivalent bridges has been reported. 
Thus 94 appears to be the first example for this coordination mode in the solid state. These 
findings are in agreement with a previous report that 94 is only partially dimerised in benzene 
solution based on cryoscopic measurements.15 
Due to steric bulk of the CH2SiMe3 groups, the Al–Al distance observed in 94 of 2.8328(13) 
Å is amongst the longest reported. As a consequence, the Al–C1–Al’ bridge angle of 
80.55(7)° is also sligthly larger than usually observed (see Table B.5.1). Only heteroleptic 
aluminium derivatives bearing rigid bridging groups like [{AlPh2(µ-C≡CPh)}2] [Al–Cb–Al = 
91.73° 13] or [{AlMe2(µ-C≡CMe)}2] [Al–Cb–Al = 92.0(1)° 14], or bulky bridging groups, such 
as [{Al(C6H4-2-Me)3}2] [Al–Cb–Al = 81.9(1)° 10], display larger bridge angles. 
 
Table B.5.1. Al–Al bond lengths (Å) and Al–Cb–Al angles (°) for dimeric organoaluminium compounds. 
 
Compound Al–Al (Å) Al–Cb–Al (°) Reference 
[{Al(CH2SiMe3)3}2] (94) 2.8328(13) 80.55(7) this work 
[(AlMe3)2] 2.700(10) 78.0(3) 7 
[(AlPh3)2] 2.702(2) 76.5(2) 8 
[{Al(cyclo-Pr)3}2] a 2.618(3)/2.607(3) 78.2(3)/77.9(2) 9 
[{Al(C6H4-2-Me)3}2] 2.817(2) 81.9(1) 10 
[{AlMe2(µ-Ph)}2] 2.690(4) 77.8(2) 11 
 
a First value determined at 22 °C, second at –67 °C. 
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In 94 the SiMe3 fragment of the bridging ligands is oriented away from the second aluminium 
centre [Al–Cb–Si1 = 109.10(10)° and Al’–Cb–Si1 = 167.57(12)°]. The two protons and the 
trimethylsilyl group bonded to the bridging carbons are in a staggered conformation with the 
silicon being located 0.2539(8) Å outside of the plane defined by Al, Cb, Al’ and Cb’. 
The sum of the C–Al–C angles around the aluminium (ΣC–Al–C = 343.34°) represents a strong 
deviation from planarity towards a tetrahedral geometry, with the aluminium situated 0.4748 
Å above the C1–C2–C3 plane. The bonds to the terminal alkyl groups [Al–C2 = Al–C3 = 
1.958(2) Å] were found to be in the typical range for this type of compound. 
 
Figure B.5.2. ORTEP view of [{Al(CH2SiMe3)3}2] (94). Displacement ellipsoids drawn at the 50% 
probability level. Hydrogen atoms omitted for clarity. Prime atoms are related to the unprimed atoms 
by a centre of inversion located in the centre of the Al–C1–Al’–C1’ ring. Selected bond angles (Å) and 
angles (°): Al···Al’ 2.8328(13), Al–C1 2.031(2), Al–C2 1.958(2), Al–C3 1.958(2), Al–C1’ 2.336(2), C1–
Si1 1.909(2), C2–Si2 1.854(2), C3–Si3 1.858(2); C1–Al–C2 116.46(10), C2–Al–C3 115.35(9), C3–Al–
C1 111.53(9), Al–C1–Al’ 80.55(7), Al–C1–Si1 109.10(10), Al–C2–Si2 130.21(12), Al–C3–Si3 
124.75(11), Al–C1’–Si1’ 167.57(12). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Al–C bond of the bridging ligand [Al–C1 = 2.031(2) Å] shows considerable elongation; 
the second brindging contact [Al–C1’ = 2.336(2) Å] is the longest ever reported in such a 
dimer. [(AlPh3)2] is the only other known compound with bridging contacts of that magnitude 
[Al–Cb = 2.180(5) Å and Al–Cb’ = 2.184(5) Å].8 
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Tris(trimethylsilylmethyl)gallium. 
 
[Ga(CH2SiMe3)3] (95) crystallises with four equivalent monomeric molecules per unit cell.. 
Unlike in [GaEt3],16 in which the three ethyl groups adopt a propeller-like configuration (in 
only three of the four independent molecules of the unit cell however), the CH2SiMe3 groups 
in 95 adopt a structure resembling that of 93 (see Figure B.5.3). Two alkyl groups occupy the 
same side of the molecule, and display enlarged Ga–C–Si angles [116.60(19)° and 
118.24(19)°] whilst the third one lies on the opposite side and is more bent towards the 
gallium centre [Ga–C2–Si2 = 114.82(19)°]. With an average value of 116.55°, the Ga–C–Si 
angles express the same deviation from the expected value as does the boron homologue 93 
(117.04° mean). In 95 hyperconjugation again has smaller influence on the molecular 
geometry than the steric requirements of the ligands. The Ga–C bond lengths [1.952(4), 
1.954(4) and 1.971(3) Å] fall within the range of already reported values, as well as the C–Si 
bonds. The three groups define a perfectly planar skeleton around the gallium (ΣC–Ga–C = 
359.99°). 
 
Figure B.5.3. ORTEP view of [Ga(CH2SiMe3)3] (95). Displacement ellipsoids drawn at the 50% 
probability level. Hydrogen atoms omitted for clarity. Selected bond angles (Å) and angles (°): Ga–C1 
1.954(4), Ga–C2 1.971(3), Ga–C3 1.952(4), C1–Si1 1.852(4), C2–Si2 1.855(4), C3–Si3 1.852(4); C1–
Ga–C2 118.61(16), C2–Ga–C3 121.82(16), C3–Ga–C1 119.56(15), Ga–C1–Si1 116.60(19), Ga–C2–
Si2 114.82(19), Ga–C3–Si3 118.24(19). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
That 95 is monomeric is of no great surprise, since other structurally characterised tri(alkyl) 
gallium compounds which do not contain ligand-based free electron pairs tend to be 
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monomeric. [GaEt3] exhibits short intermolecular contacts in the solid state structure, and 
[GaMe3] shows a tetrameric arrangement of the molecules in the lattice, the interactions in 
both compounds being however very weak.16 Dimeric gallium compounds require electron-
donating bridging ligands, such as [{GaMe2(µ-C≡CMe)}2],17 [{Ga(CH=CH2)3}2],18 
[{GaMe2(µ-C≡CPh)}2],19 [{Ga(CH2Ph)2Br}2]20 or [{Ga(CH2Ph)2(NHtBu)}2].20 The solid state 
structure of the tmeda adduct of 95, [{Ga(CH2SiMe3)3}2]·Me2NCH2CH2NMe221 shows 
slightly elongated Ga–C bonds (by 1.6% on average) compared to the parent molecule 
[Ga(CH2SiMe3)3], but no significant influence of the tmeda coordination could be seen in the 
length of the C–Si bonds. 
 
Tris(trimethylsilylmethyl)indium. 
 
As it is the case with gallium compounds, dimeric indium species are typically encountered in 
heteroleptic derivatives including electron-rich ligands (i.e., with donor atoms or 
insaturations) as for example in [{InMe2(µ-C≡CMe)}2],22 [{IntBu2(µ-OEt)}2]23 or 
[{InMes2(µ-Cl)}2].24 Coordination of Lewis bases however leads to formation of discrete 
molecules with coordination number up to five, as observed in the 10-electron species 
[In(CH2Ph)Cl2(thf)2],20 or [In(η1-C5H5)Cl2(thf)2].25 
Homoleptic indium derivatives bearing large substituents such as bis(trimethylsilyl)methyl 
CH(SiMe3)2 26 and mesityl C6H2Me3-2,4,6 24 were shown to consist of discrete molecules, the 
sterics of the ligands preventing any association in the solid state. 
Whilst a perfect trigonal planar geometry is observed in [InMes3] (ΣC–In–C = 359.9°), it has to 
be noted however that in the case of [In{CH(SiMe3)2}3], the indium centre is found 0.191 Å 
above the plane defined by the three carbon atoms directly bound to the indium centre  
(ΣC–In–C = 357.9°). 
With sterically less demanding ligands, a clear tendency to association via weak In···C 
intramolecular contacts is observed, leading to chain-like polymeric structures in the solid 
state (see Table B.5.2). Reported examples include [InMe3],27 [InPh3],28 [In(CH2Ph)3],29 
[InCp3]30 and [IntBu3].6 
The solid state structure of [{In(CH2SiMe3)3}2] (96) reveals a distorded trigonal planar 
environment around the indium centre (see Figure B.5.4). The sum of the angles around the 
indium centre (ΣC–In–C = 356.0°) presents a strong deviation from linearity (cf ΣC–B–C = 359.9° 
in 93; ΣC–Ga–C = 359.99° in 95). Indeed, a weak interaction of every indium atom with a 
carbon atom of a second molecule can be seen [In1···C1’ = 3.082 Å], inducing a modification 
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of the structure towards a tetrahedral geometry. The dimer thus formed does not interact with 
any other molecule of indium tri(alkyl). 
 
Table B.5.2. Structural features for homoleptic indium compounds. 
 
Compound Association degree In···C (Å) ΣC–In–C (°) Reference 
[InMes3] Monomeric - 359.9 24 
[In{CH(SiMe3)2}3] Monomeric - 357.9 26 
[{In(CH2SiMe3)3}2] (96) Dimeric 3.082 356.0 this work 
[InMe3] Tetrameric 3.11(4); 3.59(4) 358 27 
[InPh3] Infinite chain 3.07(2) 360 28 
[In(CH2Ph)3] Infinite chain 3.002(6); 3.081(7) a 356.3 29 
[InCp3] Infinite chain 2.466(8) / 2.482(4) b 346.6 / 342.9 b 30 
[IntBu3] Infinite chain 3.467(5) 359.6 6 
 
a First value for the In···oC contact, second for the In···mC contact. b First value from ref. 30a, second 
from ref. 30b. 
 
Figure B.5.4. ORTEP view of [{In(CH2SiMe3)3}2] (96). Displacement ellipsoids drawn at the 50% 
probability level. Hydrogen atoms omitted for clarity. Prime atoms are related to the unprimed atoms 
by a centre of inversion located in the centre of the In–C5–In’–C5’ ring. Selected bond lengths (Å) and 
angles (°): In–C1 2.171(8), In–C5 2.189(7), In–C9 2.175(8), In···C5’ 3.082, C1–Si1 1.850(8), C5–Si2 
1.870(7), C9–Si3 1.843(8); C1–In–C5 119.9(3), C5–In–C9 116.2(3), C9–In–C1 119.9(3), In–C5–In1’ 
86.41, In–C1–Si1 124.6(4), In–C5–Si2 110.7(3), In–C9–Si3 121.3(4), C5–In–C5’ 93.59. 
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At 2.178 Å mean, the In–C bond lengths fall into the range of usually observed values in 
tri(alkyl) indium compounds. The alkyl group engaged in the bonding with the second 
[In(CH2SiMe3)3] molecule presents a sligthly elongated bond, with In–C5 = 2.189(7) Å. 
The In–C5–Si2 angle [110.7(3)°] is found to be significantly smaller than in the two other 
alkyl fragments [In–C1–Si1 = 124.6(4)°; In–C9–Si3 = 121.3(4)°], as a result of the steric 
congestion induced by the close contact between the two molecules. Similarly, the C5–Si2 
bond is found slightly longer than C1–Si1 and C9–Si3 bonds [1.870(7) Å compared to 
1.850(8) Å and 1.843(8) Å respectively]. 
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B.5.2.2. Aluminium Allyl Complexes. 
 
The chemistry of cationic aluminium (III) alkyl complexes supported by sterically demanding 
and electron rich ligand systems has been extensively developed since the first report by 
Raston et al. of the bis(pyridyl) species [Al{C(SiMe3)2C5H4N}2]+[AlCl4]–.31,32 
Typically encountered mono(anionic) ligands comprise N,N-donor functionalities such as 
amidinate,33 guanidinate,34 diketiminate,35 imidoylamidine 36 or aminotroponiminate,37 or 
N,O-donor functionalities such as aminophenolate.38 Polydentate donors include 
macrocycles39 or amines.40  
The presence of such bulky donor groups around the complex is required to stabilize the 
highly electrophilic aluminium centre. So far, the only known examples of donor-free cationic 
alkyl complexes of aluminium are the metallocenes [Al(η5-C5Me5)2]+[A]– {[A]– =  
[Al(η1-C5Me5)Cl3]–,41a [BMe(C6F5)3]– 41b}, [Al(η5-C5H5)2]+[BMe(C6F5)3]– 42 and the recently 
reported [Al(η5-HC5Me4)2]+[B(C6F5)4]–.43,44 Furthermore, it has been shown that, in the 
absence of donors, even the very weakly coordinating anion [B(C6F5)4]– could be activated by 
[AlR2]+ fragments,45 evidencing the great difficulty to access cationic aluminium complexes 
without the support of bulky ligands. Recently, the stabilisation of a cationic di(ethyl) 
aluminium fragment by a partially halogenated carborane anion was shown to be possible.46 
This remains a unique example of an isolated cationic aluminium species exclusively 
containing σ-bound alkyl groups.47 
The potentially 3e– donor LX-type allyl ligand has been studied here for the stabilization of 
cationic aluminium species, as intermediate between the early described L2X-type 
cyclopentadienyl ligands and the very reactive X-type alkyl ligands. The only aluminium allyl 
species known so far is the N,N-dimethylaminoethanolate-supported bis(allyl) dimeric 
derivative [{Al(η1-CH2CH=CH2)2(µ-OCH2CH2NMe2)}2] reported by Schumann et al.48 
 
Neutral Aluminium Tri(allyl).  
 
Several attempts to access aluminium tri(allyl) by reaction with three equivalents of allyl 
Grignard failed to provide the desired material, even though partial formation of the desired 
species was systematically observed. However, when potassium allyl was reacted with 
[AlBr3] in thf, a product of greater purity could be isolated. The extremely exothermic 
reaction of dissolution of [AlBr3] in thf leading to the formation of a black solution seemed to 
be part of the problem hindering the access to the clean compound. To address that problem, 
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[AlBr3] was first partially dissolved in pentane and stirred for ten minutes before cold thf was 
slowly added, upon which no exothermic reaction could be observed. Furthermore, the 
solution stayed colourless. Portionwise treatment of this solution with solid [K(η3-C3H5)] at 
room temperature and further stirring overnight followed by workup afforded the thf adduct 
of aluminium tri(allyl) [Al(η1-CH2CH=CH2)3(thf)] (97) in good yield as a pale yellow oil (see 
Equation B.5.1). The absence of bromide was confirmed by a negative AgNO3 test. 
Furthermore, no contamination by the anionic complex [K]+[Al(η1-CH2CH=CH2)4]– (98) 
could be detected by 1H NMR. 
 
Equation B.5.1. 
 
[AlBr3]  + 3 [K(η3-C3H5)] [Al(η1-CH2CH=CH2)3(thf)]
pentane / thf
- KBr
97
[K(η3-C3H5)]
[K]+[Al(η1-CH2CH=CH2)4]– 98
 
 
 
 
 
 
 
Compound 97 was found to be insoluble in aliphatic hydrocarbons, but well soluble in 
aromatic and Lewis basic solvents. Spectroscopic data showed the three allyl groups to be  
η1-bound, as evidenced by the presence of four signals for the allylic protons (see Figure 
B.5.5). The carbon atom directly bound to the aluminium centre gives rise to a broad signal at 
δ = 19.3 ppm in benzene-d6. 
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Figure B.5.5. 1H NMR spectrum of [Al(η1-CH2CH=CH2)3(thf)] (97) in benzene-d6 (*) at 25 °C. 
 
 
Monocationic Aluminium Bis(allyl). 
 
Compound 97 reacts in thf with the Brønsted acid [NEt3H]+[BPh4]– in an identical manner as 
rare-earth tri(allyl) do, releasing one equivalent of propene to afford the thf supported 
monocationic species [Al(η1-CH2CH=CH2)2(thf)2]+[BPh4]– (99) as a white microcrystalline 
material (Equation B.5.2). Spectroscopic data as well as elemental analyses confirmed the 
presence of only two thf molecules in the isolated product, thus giving a four-coordinate metal 
centre, 8-electron species, commonly encountered for cationic aluminium species. 
  
Equation B.5.2. 
 
[Al(η1-CH2CH=CH2)3(thf)] + [NEt3H]+[BPh4]– [Al(η1-CH2CH=CH2)2(thf)2]+[BPh4]–thf- C3H6
- NEt3 99
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Diffraction quality crystals were grown from a thf/pentane mixture at –40 °C. Structural 
investigations showed the aluminium centre to be formally five coordinate: a third molecule 
of thf is incorporated in the solid state, certainly as a result of the poor shielding of the highly 
electrophilic metal centre by the η1-bound allyl groups. The compound adopts a regular 
trigonal bipyramidal geometry (ΣX–Al–X = 359.98°), with two thf molecules occupying the 
axial positions [O2–Al–O3 = 170.16(9)°] (see Figure B.5.6). 
 
Figure B.5.6. ORTEP view of [Al(η1-CH2CH=CH2)2(thf)3]+[BPh4]– (99). Displacement ellipsoids drawn at 
the 50% probability level. Hydrogen atoms omitted for clarity. Selected bond angles (Å) and angles (°): 
Al–C1 2.617(3), Al–C4 2.598(3), Al–O1 1.862(2), Al–O2 2.031(2), Al–O3 2.066(2), C1–C2 1.477(5), 
C2–C3 1.332(5), C4–C5 1.452(5), C5–C6 1.184(6); C4–Al–O1 115.13(12), O1–Al–C1 116.85(13), 
C1–Al–C4 128.00(14), O2–Al–O3 170.16(9), C1–C2–C3 127.5(4), C4–C5–C6 138.2(6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Whilst tetrahedral coordination geometry around cationic alkyl aluminium centres is very 
often encountered, five-coordinate aluminium centres are uncommon. Only a few examples of 
compounds incorporating neutral polydentate donor ligands were already reported, such as the 
di(methyl) species [AlMe2(18-crown-6)]+[AlMe2Cl2]– 39a and [AlMe2(pmdeta)]+[AlMe2Cl2]– 
40d or [AlMe2(pmdeta)]+[Br]–.40d None of these complexes was however synthesised by 
protonolysis, but rather by asymmetric cleavage induced by a Lewis base. The tridentate 
amine pmdeta has been also shown to be a suitable ligand for the stabilisation of the cationic 
 145 
 
Group 13 Alkyls and Allyls. 
aluminium di(hydride) fragment in [AlH2(pmdeta)]+[AlH4]–.49 Similarly to 99, all these 
complexes adopt a trigonal bipyramidal geometry in the solid state, where the two alkyl 
(hydride) ligands share the equatorial plane with one donor functionality of the Lewis base. 
The Al–C1 and Al–C4 bond lengths in 99 [1.980(4) Å and 1.986(4) Å respectively] are longer 
than those in cationic mono- or bis(alkyl) aluminium species, where values ranging from 1.91 
to 2.01 Å are typically observed (see Table B.2.3). 
 
Table B.5.3. Al–C bond lengths and C–Al–C angles in the cationic part of selected structurally 
characterised aluminium alkyl complexes containing neutral polydentate ligands. 
 
Complex Al–C (Å) C–Al–C (°) Reference 
Five Coordinate Aluminium Centre 
[Al(η1-CH2CH=CH2)2(thf)3]+[BPh4]– (99) 1.980(4); 1.986(4) 128.00(14) this work 
[AlMe2(κ3-18-crown-6)]+[AlMe2Cl2]– 1.915(6); 1.939(7) 140.6(3) 39a 
[AlMe2(pmdeta)]+[AlMe2Cl2]– 1.952(5); 1.969(4) 113.0(3) 40d 
Other Coordination Number 
[AlEt2]+[CB11H6Cl6]– 1.921(5); 1.934(2) 133.8(4); 138.5(4) a 46 
[AlEt2]+[CB11H6Br6]– 1.929(6); 1.944(6) 130.1(3) 46 
[AlEt2(pyr)2]+[CB11H6Br6]– 1.945(4); 1.961(4) 121.08(19) 46 
[AlMe2(κ5-15-crown-5)]+[AlMe2Cl2]– 1.99(1); 2.01(1) 178(1) 39a 
[Al(CMe3)2(tmeda)]+[Al(CMe3)2Br2]– 2.006(6); 1.982(6) b 117.8(2); 121.1(2) c 40a 
 
a first carbon atom of one ethyl group disordered; values for the two split positions given. b two 
independent sets of ion pairs present in the unit cell; average value of the two Al–C bond lengths for 
each cation given. c value for each cation present in the unit cell given.  
 
The two sp3–sp2 bonds C1–C2 and C4–C5 display standard lengths with 1.477(5) Å and 
1.452(5) Å respectively, as does the sp2–sp2 bond C2–C3 with 1.332(5) Å. Probably as a 
result of the slight disorder of C5 and C6, a rather shorter bond distance is found between 
these two atoms, with only 1.184(6) Å.  
Attempts to synthesise the analogue bearing the perfluorinated borate  
[Al(η1-CH2CH=CH2)2(thf)2]+[B(C6F5)4]– (100) in thf did not afford the desired compound. 
Instead, ring-opening polymerisation of the solvent took place (see Scheme B.5.1). 
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Scheme B.5.1. 
 
 
 
 
 
 
 
 
[Al(η1-CH2CH=CH2)3(thf)]
thf
- C3H6
- NMe2Ph
thp
- C3H6
- NMe2Ph
thf polymerisation
[Al(η1-CH2CH=CH2)2(thp)2]+[B(C6F5)4]–
[NMe2PhH]+[B(C6F5)4]–
+
100
 
A possible activation process of a B–C bond of the anion by the cationic aluminium centre, 
already reported for the transient donor-free [AlMe2]+[B(C6F5)4]–,45 could be ruled out: 
indeed, a single signal is observed in the 11B NMR spectrum at –16.60 ppm, whilst a set of 
three signals is observed in the 19F NMR spectrum, both witnessing the presence of the intact 
[B(C6F5)4]– anion. Thus, cationic polymerisation of the thf catalysed by  took place to quickly 
to allow its isolation. 
To circumvent this problem, the same reaction was carried out in thp instead of thf. Under 
these conditions, the cationic species [Al(η1-CH2CH=CH2)2(thp)2]+[B(C6F5)4]– (100) forms, 
not as the only species though. Attempts to purify the compound by recrystallisation failed. 
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B.5.3. Conclusion. 
 
The solid state structure of the Group 13 tri(alkyl) compounds [{E(CH2SiMe3)3}n] was 
determined. As could be expected, the boron and gallium derivatives 93 and 95 were found to 
be monomeric in the solid state. The aluminium species 94 adopts a dimeric structure 
reminiscent of that of [(AlMe3)2], with very long Al···Cb’ contacts. Weak intermolecular 
interactions leading to dimerisation were observed in the indium compound 96, which thus 
appears to be the first dimeric homoleptic indium tri(alkyl) complex (see Table B.5.3). 
 
Table B.5.3. Main structural features for the series of compounds [{E(CH2SiMe3)3}n] (93–96). 
 
Compound E–C mean (Å) E···C (Å) ΣC–E–C (°) 
[B(CH2SiMe3)3] (93) 1.568 – 359.95 
[{Al(CH2SiMe3)3}2] (94) 1.958 / 2.031 (2) a 2.336(2) 343.34 
[Ga(CH2SiMe3)3] (95) 1.959 – 359.99 
[{In(CH2SiMe3)3}2] (96) 2.173 / 2.189(7) a 3.082 356.0 
  
a first value for the two terminal alkyl groups (mean), second for the bridging one. 
 
A systematic study of the ability of compounds 93–96 to abstract a CH2SiMe3 fragment from 
the yttrium tri(alkyl) [Y(CH2SiMe3)3(thf)2] showed 93 to be the only one with which no 
reaction took place. With 94, 95 and 96, formation of the cationic species 
[Y(CH2SiMe3)2(thf)4]+[E(CH2SiMe3)4]– was observed.2 It can be postulated that 93 fails to 
react because of the reduced size and accessibility of the boron centre, but the steric and 
electronic features of the ligands obviously play a crucial role in the reactivity of tri(alkyl) 
boranes.50 The tendency to dimerise of compounds 94 and 96 expresses their increased Lewis 
acidity. The gallium species 95 was found to cleanly generate the desired cationic complex, 
too. This could also be expected given the slightly increased electronegativity of gallium 
compared to aluminium and indium. 
The protonolysis of one allyl group in 97 was found to yield 99, in which the cationic centre 
cohabitates with the unsaturated C=C bonds of the remaining allyl fragments. Reactivity 
studies on 99 still have to be carried out. 
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B.5.4. Experimental Section. 
 
General Consideration 
 
Anhydrous AlBr3 (STREM) was sublimed prior to use. Anhydrous GaCl3 and InCl3 (STREM) 
were used as received. BF3·OEt2 (STREM) was distilled prior to use. [LiCH2SiMe3],51 
[Y(CH2SiMe3)3(thf)2]52 and [{E(CH2SiMe3)3}n]53 were prepared according to literature 
procedures. No satisfactory elemental analyses values could be obtained for compounds 93–
96. 
 
Group 13 tris(trimethylsilylmethyl) 
 
[B(CH2SiMe3)3] (93)  
The product was synthesised according to the procedure described in the literature and 
isolated as a colourless liquid (9745 mg, 75%).53a 
• 1H NMR (C6D6, 25 °C): δ = 0.12 (s, 27H, SiMe3), 0.93 (s, 6H, BCH2). 
• 13C{1H} NMR (C6D6, 25 °C): δ = 0.02 (SiMe3), 23.80 (BCH2). 
• 11B NMR (C6D6, 25 °C): δ = 78.8. 
• mp = –32 °C. 
 
[{Al(CH2SiMe3)3}2] (94) 
The product was synthesised according to the procedure described in literature and isolated as 
a colourless liquid (6490 mg, 75%).53b 
• 1H NMR (C6D6, 25 °C): δ = –0.54 (s, 6H, AlCH2), 0.00 (s, 27H, SiMe3). 
• 13C{1H} NMR (C6D6, 25 °C): δ = 0.27 (SiMe3), 2.65 (AlCH2). 
• 27Al NMR (C6D6, 25 °C): δ = 290.3. 
• mp = –40 °C. 
 
[Ga(CH2SiMe3)3] (95) 
The product was synthesised according to the published procedure and isolated as a colourless 
liquid (2575 mg, 65%).53c 
•1H NMR (CD2Cl2, 25 °C): δ = 0.06 (s, 27H, SiMe3), 0.08 (s, 6H, GaCH2). 
• 13C{1H} NMR (CD2Cl2, 25 °C): δ = 2.4 (SiMe3), 12.5 (GaCH2). 
• mp = –42 °C. 
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[{In(CH2SiMe3)3}2] (96) 
The product was synthesised according to the published procedure and isolated as a colourless 
liquid (4701 mg, 55%).53d 
• 1H NMR (CD2Cl2, 25 °C): δ = –0.06 (s, 6H, InCH2), 0.03 (s, 27H, SiMe3). 
• 13C{1H} NMR (CD2Cl2, 25 °C): δ = 2.47 (SiMe3), 10.79 (InCH2). 
• mp = –45 °C. 
 
Aluminium allyl complexes 
 
[Al(η1-CH2–CH=CH2)3(thf)] (97) 
AlBr3 (1000 mg, 3.75 mmol) was suspended in pentane (2 mL), 
and –40 °C cold thf (8 mL) was carefully added. The resulting 
colourless solution was then treated portionwise with a slight 
excess of solid [K(η3-C3H5)] (932 mg, 11.62 mmol). Upon 
addition, the solution turned off-white with simultaneous formation of white material. The 
reaction mixture was stirred overnight, after what the suspension was filtered and dried under 
vacuum to leave 97 as a light yellow oil (648 mg, 87%). 
Al C1
C2 C3
Hβ
HγHδ 3
thf
Hα
Hα
• 1H NMR (benzene-d6, 25 °C): δ = 1.07 (br, 4H, β-thf), 1.36 (d, 3JHH = 8.8 Hz, 6H, Hα),  
3.43 (br, 4H, α-thf), 4.79 (d m, 3JHH = 10.0 Hz, 3H, Hγ), 4.89 (d m, 3JHH = 16.8 Hz, 3H,  
Hβ), 6.29 (m, 3H, Hδ).  
• 13C{1H} NMR (benzene-d6, 25 °C): δ = 19.32 (br, C1), 24.96 (β-thf), 71.52 (α-thf), 105.88  
(C3), 141.67 (C2). 
• 27Al NMR (benzene-d6, 25 °C): δ = 160.10. 
• 1H NMR (thf-d8, 25 °C): δ = 1.08 (d, 3JHH = 8.8 Hz, 6H, Hα), 1.77 (m, 4H, β-thf), 3.62  
(m, 4H, α-thf), 4.39 (d m, 3JHH = 10.0 Hz, 3H, Hγ), 4.54 (d m, 3JHH = 18.3 Hz, 3H, Hβ),  
6.00 (m, 3H, Hδ).  
• 13C{1H} NMR (thf-d8, 25 °C): δ = 19.32 (br, C1), 26.30 (β-thf), 68.20 (α-thf), 105.43  
(C3), 141.94 (C2). 
• 27Al NMR (thf-d8, 25 °C): δ = 157.69. 
• Anal. Calcd. for C13H23AlO (220.31 g.mol–1): C, 70.24; H, 10.43. Found: C, 71.28; H,  
10.34. 
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[K]+[Al(η1-CH2–CH=CH2)4]– (98) 
AlBr3 (2670 mg, 10 mmol) was suspended in pentane (20 
mL), and –40 °C cold thf (20 mL) was carefully added. The 
resulting colourless solution was then treated portionwise 
with solid [K(η3-C3H5)] (3207 mg, 40 mmol). Upon 
addition, the solution turned off-white with simultaneous formation of white material. The 
reaction mixture was stirred overnight, after what the suspension was filtered and dried under 
vacuum to leave 98 (1764 mg, 77 %) as a beige solid. Recrystallisation attempts were 
unsuccessfull.  
K
Al C1
C2 C3
Hβ
HγHδ 4
Hα
Hα
• 1H NMR (thf-d8, 25 °C): δ = 0.92 (br d, 3JHH = 26.9 Hz, 8H, Hα), 4.01 (d, 3JHH = 9.0 Hz, 4H,  
Hγ), 4.23 (d, 3JHH = 16.6 Hz, 4H, Hβ), 6.06 (m, 4H, Hδ). 
• 13C{1H} NMR (thf-d8, 25 °C): δ = 21.69 (sxt, 1JAlC = 55.3 Hz, C1), 99.15 (C3), 147.39 (C2). 
• 27Al NMR (thf-d8, 25 °C): δ = 146.39. 
 
[Al(η1-CH2–CH=CH2)2(thf)2]+[BPh4]– (99) 
97 (220 mg, 1 mmol) was dissolved in thf (4 mL), and dropwise 
treated with a thf solution (6 mL) of [HNEt3][BPh4] (410 mg, 
0.95 mmol). After addition, the clear solution was stirred for 30 
minutes, filtered and dried under vacuum to afford a white solid. 
Washing with pentane (4 × 15 mL) and drying again yielded a white powder. 
Recrystallisation from a thf/pentane mixture afforded colourless blocks of pure 99 (321 mg, 
59 %). 
Al
thf
thf
BPh4
• 1H NMR (thf-d8, 25 °C): δ = 1.21 (d, 3JHH = 8.5 Hz, 4H, Hα), 1.77 (m, 8H, β-thf), 3.62  
(m, 8H, α-thf), 4.68 (d m, 3JHH = 10.0 Hz, 2H, Hγ), 4.77 (d m, 3JHH = 16.8 Hz, 2H, Hγ),  
5.90 (m, 2H, Hδ), 6.76 (t, 3JHH = 7.3 Hz, 8H, Ph-4), 6.90 (t, 3JHH = 7.5 Hz, 8H, Ph-3), 
7.30 (br m, 4H, Ph-2).   
• 13C{1H} NMR (thf-d8, 25 °C): δ = 16.40 (br, C1), 26.21 (β-thf), 68.18 (α-thf), 110.33 (C3),  
121.92 (Ph-4), 125.70 (Ph-3), 136.89 (Ph-2), 137.64 (C2), 164.90 (q, 1JBC = 49.4 Hz,  
Ph-1). 
• 11B{1H} NMR (thf-d8, 25 °C): δ = –6.58.  
• 27Al NMR (thf-d8, 25 °C): δ = 68.80. 
• Anal. Calcd. for C38H46AlBO2 (572.57 g.mol–1): C, 79.71; H, 8.10. Found: C, 78.99; H,  
8.08. 
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C. Summary. 
 
The most common starting materials for the access to cationic species of the rare-earth metals 
are the homoleptic tris(trimethylsilylmethyl) precursors [Ln(CH2SiMe3)3(thf)2]. The principal 
objective of this work has been to substitute the well-known CH2SiMe3 group for other 
fragments, and study the accessibility of the related cationic species. 
 
In Chapter B.1, the homoleptic tri(allyl) I generate half-sandwich species II by reaction with 
HC5Me4SiMe3, whilst the monocations III are produced by protonolysis with 
[NEt3H]+[BPh4]– (see Scheme C.1). Instantaneous decomposition of III via C–H activation 
takes place in pyridine. Lewis acids such as [Al(CH2SiMe3)3] or [BPh3] are suitable reagents 
for the abstraction of an allyl moiety from I to yield the cations IV in which the anion features 
a linear, η1-bound allyl group. 
 
Scheme C.1. I, II: Ln = Y, La, Nd. III: Ln = Y, La, Nd; A = BPh4, B(C6F5)4. IV: Ln = Y, La; E = B, Al; R = 
CH2SiMe3, Ph. V: Ln = Y, La; A = BPh4, B(C6F5)4. VI: Ln = La, Nd; A = BPh4. 
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Further reaction of II with one equivalent of acid produces the corresponding monocationic 
compounds V, which are rare examples of cationic monocyclopentadienyl alkyl complexes. In 
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a similar reaction, the cations III are converted into the dicationic species VI. The ion pairs 
VI are stable in pyridine without decomposition for over one day. Compounds III, IV and VI 
are active catalysts for the polymerisation of 1,3-butadiene. 
 
In Chapter B.2, aluminate precursors VII of the type [Ln{(µ-Me)2(AlMe2)}3] are utilised to 
generate the half-sandwich bis(aluminate) neutral species VIII by reaction with 
HC5Me4SiMe3 (see Scheme C.2). Reaction of VIII with [NEt3H]+[BPh4]– in thf induces the 
cleavage of both aluminate moieties as well as protonolysis of one of them, and affords the 
first structurally authenticated charge-separated cationic half-sandwich methyl derivatives IX. 
  
Scheme C.2. VII, VIII: Ln = Y, La, Nd, Sm, Gd, Lu. IX, X: Ln = Y, La, Nd, Sm, Lu; A = BPh4. XII: Ln = 
La, Sm, Gd; A = BPh4. XIII: Ln = La, Nd, Sm; A = BPh4. 
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Abstraction of the remaining methyl group by an additional equivalent of acid yields the 
dicationic cyclopentadienyl complexes X. The known reaction of VII with two equivalents of 
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acid generates the dicationic methyl species XII. This procedure can be applied to the 
precursors VII of the large metal centres La and Sm, the dicationic methyl derivatives of 
which adopt in the solid state a distorded capped octahedral geometry. The scandium 
derivative XI, analogous to VIII, is obtained by salt elimination, but not in pure form. The 
dimeric di(methyl) compound XII stems from the splitting of the two aluminate moieties in 
the parent XI (see Scheme C.3). 
 
Scheme C.3. 
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Investigations on the suitability of the borohydride group BH4 are presented in Chapter B.3. 
Thus, direct protonolysis of the neutral tris(borohydride) parents XIII with one equivalent of 
[NEt3H]+[BPh4]– yields the monocationic species XIV (see Scheme C.4). The charge 
separated ion-pairs adopt a regular trigonal bipyramidal geometry in the solid state, with 
trans-arranged borohydride moieties. The cations are slightly more active than their neutral 
parents for the ring-opening polymerisation of ε-CL. 
 
Scheme C.4. XIII, XIV: Ln = Y, La, Nd, Sm, Lu; A = BPh4. 
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In Chapter B.4, the synthesis of the series of alkyl complexes XV featuring a dianionic 
constrained geometry ligand is reported (see Scheme C.5). The alkyl complexes are converted 
into the corresponding dimeric hydride species XVI by reaction with PhSiH3 or H2. 
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Scheme C.5. XV: Ln = Y, Lu; Z = CH2SiMe2; n = 0.5–1; R = Ph, C6H4tBu-4, C6H4nBu-4. XVI: Ln = Y, 
Lu; Z = CH2SiMe2; R’ = Ph, C6H4tBu-4, C6H4nBu-4. 
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The hydrosilylation of 1-decene catalysed by the in situ generated complexes XVI selectively 
gives 1,2-insertion into the Ln–H bond, whilst mixtures of the Markovnikov and anti-
Markovnikov products are obtained in the case of styrene. 
 
The structural characterisation of the series of Group 13 tri(alkyl) [E(CH2SiMe3)3]n is 
presented in Chapter B.5. The boron and gallium homologues XVII are monomeric, whilst 
the aluminium and indium derivatives XVIII form dimers in the solid state. The access to 
aluminium tri(allyl) XIX as thf-adduct is reported, and the formation of the unprecedented 
monocationic allyl species XX is described (see Scheme C.6). 
 
Scheme C.6. XVII: E = B, Ga; R = CH2SiMe3. XVIII: E = Al, In; R = CH2SiMe3. XIX, XX: R’ = 
CH2CH=CH2. 
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In conclusion, the suitability of monoanionic fragments other than the commonly encountered 
trimethylsilylmethyl, for the access to neutral precursors and their conversion into cationic 
species has been demonstrated. 
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D. Appendix. 
 
D.1. Experimental Details. 
 
All operations were performed under an inert atmosphere of argon using standard Schlenk-
line or glovebox techniques. 
 
LnCl3 (Ln = Sc, Y, La, Nd, Sm, Gd, Lu) and ECl3 (E = Ga, In) were received from STREM 
and use without further purification. AlBr3 (STREM) was sublimed prior to use. BF3·Et2O 
(STREM) was distilled prior to use. 
 
Thf, thp, diethylether, toluene, dioxane were dried over sodium benzophenone ketyl. Pentane 
was dried over sodium benzophenone ketyl/triglyme. Pyridine was dried over sodium. 12-
crown-4 was dried over molecular sieves. Tmeda was dried over CaH2. All solvents were 
distilled prior to use. 
 
Deuterated thf, toluene and benzene were dried over sodium. Deuterated chloroform, 
dichloromethane and pyridine were dried over CaH2. All solvents were distilled prior to use. 
 
ε-caprolactone was dried over CaH2 and distilled prior to use. 1,3-butadiene was condensed 
onto molecular sieves, and recondensed into toluene to prepare the toluene·butadienen stock 
solution. 
 
NMR spectra were recorded on a Varian Mercury 200BB spectrometer (19F 188.2 MHz), on a 
Bruker DRX 400 spectrometer (1H 400.1 MHz, 13C 100.6 MHz, 11B 128.4 MHz, 89Y 19.6 
MHz) or on a Varian Unity 500 spectrometer (1H 499.6 MHz, 13C 125.6 MHz, 11B 160.3 
MHz, 7Li 194.2 MHz, 27Al 130.2 MHz) at room temperature unless otherwise stated. All 
chemical shifts are given in ppm. Chemical shifts for 1H and 13C NMR spectra were 
referenced internally using the residual solvent resonances and reported relative to SiMe4. 11B 
NMR spectra were referenced externally to a saturated solution of NaBH4 in D2O. 7Li NMR 
spectra were referenced externally to a 1 mol·L–1 solution of LiCl in D2O. 27Al NMR spectra 
were referenced externally to a 1.5 mol·L–1 solution of Al(NO3)3 in D2O. 19F NMR spectra 
were referenced externally to neat CFCl3. 89Y NMR spectra were referenced externally to a 1 
mol·L–1 solution of YCl3 in H2O. 
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D.2. X-Ray Structure Analysis. 
 
The crystallographic data were collected by Prof. Dr. Ulli Englert or by Mr. Yutian Wang, 
using Mo-Kα radiation on a Bruker AXS diffractometer with a CCD area detector using ω 
scans. The SMART program package was used to determine the unit-cell parameters and for 
data collection; the raw frame data were processed using SAINT and SADABS to yield the 
reflection data file. Subsequent calculations were carried out using the SHELXS and 
SHELXL programs. 
 
Single crystals of compound 93–96 were directly grown on a NONIUS CAD4 diffractometer. 
Capillaries containing ca. 2µL of the compound were exposed in appropriate geometry (χ = 
90°) to a cold stream of N2; the samples completely solidified. The temperature of the gas 
stream was gradually increased to the melting point, retaining only a small fraction of solid in 
the tip of the capillary. Slow cooling resulted in a crystalline sample. The procedure was 
repeated until single crystals of satisfactory quality were obtained; their diffraction pattern 
was directly registered on the CAD4 diffractometer. 
 
The crystal structure were solved by Dr. Thomas P. Spaniol, except for compounds 93–96 
(Prof. Dr. Ulli Englert) and compounds 67, 69 and 70 (Dr. Małgorzata Kondracka). 
 
Supplementary crystallographic data for compounds 37, 41, 42, 45, 46, 67, 69, 70, 78, 85, 93–
96 can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/datarequest/cif (see Table below). 
 
 
 Compound CCDC Compound CCDC 
37 671767 70 674070 
41 671768 78 679423 
42 671769 85 679424 
45 671770 93 620839 
46 671771 94 620838 
67 674068 95 620840 
69 674069 96 690488 
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Crystallographic and Data Collection Parameters for [Y(η3-C3H5)2(thf)3]+[BPh4]– (9), [La(η3-C3H5)2(thf)4]+[BPh4]– (10), [Nd(η3-C3H5)2(thf)4]+[BPh4]– (11),  
[La(η5-C5Me4SiMe3)(η3-C3H5)(thf)3]+[BPh4]– (22) and [La(η3-C3H5)(thf)6]2+[BPh4]–2 (25). 
Compound 9 10 11 22 25 
Empirical formula C42H54BO3Y C92H124B2La2O8 C92H124B2Nd2O8 C106H148B2La2O7Si2 C79H101B2LaO7
Mr (g.mol–1)  
    
    
     
       
       
  
     
 
      
    
      
   
     
      
     
     
    
   
706.57 1657.35 1668.01 1889.86 1323.20 
Crystal size (mm) 0.32 × 0.26 × 0.26 0.15 × 0.14 × 0.04 0.40 × 0.15 × 0.15 0.20 × 0.13 × 0.08 0.27 × 0.18 × 0.16 
Crystal colour and habit Colourless block Colourless plate Green rod Colourless block Yellow block 
Crystal system Monoclinic Triclinic Triclinic Monoclinic Monoclinic
Space group 
  
P21/c P–1 P–1 P21/c P21/c 
a (Å) 18.2601(14) 12.8790(10) 12.828(2) 16.4003(16) 18.2342(14)
b (Å) 9.6928(7) 17.8780(10) 17.817(3) 24.865(2) 17.1493(12)
c (Å) 22.4454(17)
 
19.680(2) 19.661(3) 23.924(2) 21.7336(16)
 α (°) 90 67.4050(10) 67.152(4) 90 90
β (°) 112.2079(13)
 
89.8100(10) 89.940(4) 92.0090(19)
 
91.5219(19)
 γ (°) 90 83.6310(10) 83.525(4) 90 90
V (Å3) 3677.9(5) 4153.9(6) 4110.2(11)
 
9750.0(16)
 
6793.8(9)
Z 4 2 2 4 4
Dcalc (g.cm–3) 1.276 1.325 1.348 1.287 1.294
T (K) 130(2) 130(2) 130(2) 130(2) 130(2)
µ(Mo Kα) (mm–1) 1.623 1.069 1.305 0.942 0.684
F(000) 1496 1728 1740 3968 2792
θ Range (°) 2.32–21.73 2.35–22.05 2.25–22.56 2.21–18.14 2.23–17.54
Number of reflections collected 41953 63410 57055 108410 88736 
Number of reflections observed [I> 2 σ(I)] 6593 12355 12956 9628 6839
Number of independent reflections (Rint) 
 
9370 (0.0723) 23954 (0.0885) 21411 (0.0923) 21180 (0.1590) 16646 (0.1343) 
Data/restraints/parameters 9370/0/464 23954/0/991 21411/0/938 21180/0/1086
 
16646/10/716
 Goodness-of-fit on F2 1.023 0.742 1.142 0.652 0.835
R1, wR2 [I> 2 σ(I)] 0.0455, 0.0966 0.0505, 0.0765 0.1296, 0.3299 0.0492, 0.0696 0.0673, 0.1402 
R1, wR2 (all data) 0.0805, 0.1090 0.1132, 0.0873 0.1759, 0.3463 0.1242, 0.0835 0.1649, 0.1636 
Largest difference in peak and hole (e Å–3) 0.524 and –0.336 1.961 and –1.156 7.411 and –3.048 1.394 and –1.000 1.571 and –0.795 
 162
Appendix 
Crystallographic and Data Collection Parameters for [Gd(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] (37), [{Sc(η5-C5Me4SiMe3)Me(µ-Me)}2] (41),  
[Y(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (42), [Sm(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (45) and [Lu(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– (46). 
Compound 37     41 42 45 46
Empirical formula C20H45Al2GdSi    C14H27ScSi C53H76BO4SiY C53H76BO4SiSm C98H136B2Lu2O6Si2
Mr 524.86 268.41 
    
    
       
   
     
  
      
    
      
   
     
      
     
     
    
     
904.95 966.39 1840.29 
Crystal size (mm) 0.54 × 0.32 × 0.24 0.30 × 0.30 × 0.10 0.40 × 0.32 × 0.30 0.14 × 0.13 × 0.11 0.30 × 0.13 × 0.06 
Crystal colour and habit Colourless block Colourless block Colourless block Orange block Colourless fragment 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/n P21/n P21/n P21/n C2/c 
a (Å) 10.189(3) 11.4405(11) 10.9037(7) 10.882(5) 27.687(2) 
b (Å) 13.439(3) 8.4494(8) 37.922(2) 37.917(5) 24.6089(19)
c (Å) 19.217(5) 16.3691(16) 
 
11.9130(8) 11.965(5) 16.4669(13) 
 α (°) 90 90 90 90 90
β (°) 105.021(4) 93.9675(14)
 
93.1600(10)
 
93.691(5) 123.4570(11)
 γ (°) 90 90 90 90 90
V (Å3) 2541.5(11)
 
1578.5(3) 4918.4(6) 4927(3) 9360.5(13)
 Z 4 4 4 4 4
Dcalc (g.cm–3) 1.372 1.129 1.222 1.303 1.306
T (K) 130(2) 130(2) 130(2) 110(2) 130(2)
µ(Mo Kα) (mm–1) 2.727 0.519 1.253 1.259 2.173
F(000) 1076 584 1936 2028 3815
θ Range (°) 2.67–28.23 2.25–30.75 2.15–24.66 2.45–19.15 2.22–23.60
Number of reflections collected 22467 23073 73877 36561 52036 
Number of reflections observed [I> 2 σ(I)] 5899 3752 9911 4158 9945
Number of independent reflections (Rint) 
 
6301 (0.0316) 4701 (0.0454) 14467 (0.0688) 5456 (0.0858) 13650 (0.0724) 
Data/restraints/parameters 6301/0/277 4701/0/176 14467/2/544 5456/2/544 13650/0/505
Goodness-of-fit on F2 1.037 0.950 1.046 0.848 1.093
R1, wR2 [I> 2 σ(I)] 0.0192, 0.0481 0.0335, 0.0813 0.0551, 0.1291 0.0325, 0.0636 0.0568, 0.1486 
R1, wR2 (all data) 0.0213, 0.0490 0.0438, 0.0842 0.0966, 0.1462 0.0468, 0.0666 0.0868, 0.1635 
Largest difference in peak and hole (e Å–3) 0.739 and –1.279 0.485 and –0.273 1.033 and –0.674 0.651 and –0.503 4.639 and –0.757 
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Crystallographic and Data Collection Parameters for [GdMe(thf)6]2+[BPh4]–2 (54), [LaMe(thf)6]2+[B(C6H4F)4]–2 (55) and [SmMe(thf)6]2+[B(C6H4F)4]–2 (57). 
 
Compound 54   55 57
Empirical formula C77H99B2GdO7 C73H83B2F8LaO6 C73H83B2F8O6Sm 
Mr (g.mol–1)  
  
 
    
  
  
   
  
    
    
     
   
    
   
   
   
   
1315.43 1368.98 1380.36 
Crystal size (mm) 0.38 × 0.34 × 0.30 
 
0.70 × 0.40 × 0.40 0.26 × 0.12 × 0.09 
Crystal colour and habit Colourless block Colourless block Orange fragment
Crystal system Orthorhombic 
 
Monoclinic Monoclinic 
Space group Pbca P21/n P21/n 
a (Å) 16.8814(17) 14.4672(12) 14.430(2)
b (Å) 21.701(2) 12.7014(11) 12.6552(18) 
c (Å) 36.418(4) 18.2100(15) 
 
18.243(3) 
α (°) 90 90 90
β (°) 90 103.8331(18) 103.533(3)
γ (°) 90 90 90
V (Å3) 13341(2) 3249.1(5) 3238.9(8)
Z 8 2 2
Dcalc (g.cm–3) 1.310 1.399 1.415
T (K) 130(2) 110(2) 130(2)
µ(Mo Kα) (mm–1) 1.049 0.733 0.983
F(000) 5528 1416 1426
θ Range (°) 2.24–19.47 2.16–27.54 2.30–18.73
Number of reflections collected 175558 44720 22176 
Number of reflections observed [I> 2 σ(I)] 6380 6381 3640
Number of independent reflections (Rint) 16630 (0.2089) 9115 (0.0493) 4740 
Data/restraints/parameters 16630/0/786 9115/0/421 4740/0/421
Goodness-of-fit on F2 1.031 1.096 1.043
R1, wR2 [I> 2 σ(I)] 0.0977, 0.2352 0.0632, 0.1668 0.0565, 0.1255 
R1, wR2 (all data) 0.2164, 0.2730 0.0890, 0.1811 0.0775, 0.1368 
Largest difference in peak and hole (e Å–3) 3.209 and –2.415 0.928 and –0.558 0.692 and –0.422 
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Crystallographic and Data Collection Parameters for [Y(BH4)2(thf)5]+[BPh4]– (67), [Nd(BH4)2(thf)5]+[BPh4]– (69) and [Sm(BH4)2(thf)5]+[BPh4]– (70). 
 
Compound 67   69 70
Empirical formula C44H68B3O5Y C44H68B3NdO5 C44H68B3O5Sm 
Mr 798.32 
 
  
     
     
     
   
   
   
   
   
    
     
   
    
   
   
   
   
853.65 859.76 
Crystal size (mm) 0.30 × 0.27 × 0.16 0.30 × 0.22 × 0.20 0.30 × 0.19 × 0.16 
Crystal colour and habit Colourless rod Colourless block 
 
Colourless block 
 Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c P21/c P21/c 
a (Å) 13.516(2) 13.033(6) 13.070(6)
b (Å) 13.118(2) 13.516(6) 13.534(6)
c (Å) 24.745(4) 24.968(4) 24.936(11)
α (°) 90 90 90
β (°) 90.817(4) 90.071(9) 90.071(9)
γ (°) 90 90 90
V (Å3) 4386.9(12)
 
4411(3) 4411(3)
Z 4 4 4
Dcalc (g.cm–3) 1.209 1.285 1.295
T (K) 130(2) 130(2) 130(2)
µ(Mo Kα) (mm–1) 1.371 1.218 1.372
F(000) 1704 1788 1796
θ Range (°) 2.16–21.64 2.17–28.91 3.12–22.44
Number of reflections collected 59766 31868 54897 
Number of reflections observed [I> 2 σ(I)] 7919 10062 7937
Number of independent reflections (Rint) 10938 (0.0798) 12299 (0.0354) 11001 (0.0843) 
Data/restraints/parameters 10938/0/510 12299/3/497 11001/10/503
Goodness-of-fit on F2 1.014 1.069 1.007
R1, wR2 [I> 2 σ(I)] 0.0452, 0.0988 0.0383, 0.0814 0.0464, 0.0855 
R1, wR2 (all data) 0.0752, 0.1100 0.0531, 0.0867 0.0638, 0.0884 
Largest difference in peak and hole (e Å–3) 0.883 and –0.439 1.473 and –0.985 1.448 and –2.868 
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Crystallographic and Data Collection Parameters for [Y(η5-C5Me4CH2SiMe2NPh-κN)(CH2SiMe3)(thf)2] (78) and [Y(η5-C5Me4CH2SiMe2NC6H4tBu-4-κN)(µ-H)(thf)]2 
(85). 
Compound 78  85
Empirical formula C33.5H56NO2Si2Y C30H52NO2Si2Y 
Mr (g.mol–1)  
 
  
  
  
  
  
  
  
  
  
  
  
  
649.90 603.82
Crystal size 0.30 × 0.20 × 0.20 0.50 × 0.23 × 0.20 
Crystal colour and habit Colourless block Colourless rod 
Crystal system Monoclinic Monoclinic 
Space group P21/n P21/c 
a (Å) 11.018(5) 13.226(2) 
b (Å) 20.847(10) 16.402(3) 
c (Å) 15.424(7) 15.960(2) 
α (°) 90 90
β (°) 95.77(2) 114.184(4)
γ (°) 90 90
V (Å3) 3525(3) 3158.4(8)
Z 4 4
Dcalc (g.cm–3) 1.225 1.207
T (K) 110(2) 120(2) 
µ(Mo Kα) (mm–1) 1.750 1.906
F(000) 1388 1232
θ Range (°) 2.36–25.12 2.48–21.32
Number of reflections collected 46746 20835 
Number of reflections observed [I> 2 σ(I)] 3177 4314
Number of independent reflections (Rint) 
 
6235 (0.3167) 6246 (0.0531) 
Data/restraints/parameters 6235/0/363 6246/21/332
Goodness-of-fit on F2 1.000 1.024
R1, wR2 [I> 2 σ(I)] 0.0724, 0.1366 0.0463, 0.1127 
R1, wR2 (all data) 0.1725, 0.1726 0.0809, 0.1274 
Largest difference in peak and hole (e Å–3) 0.650 and –0.474 1.131 and –0.320 
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Crystallographic and Data Collection Parameters for [B(CH2SiMe3)3] (93), [{Al(CH2SiMe3)3}2] (94), [Ga(CH2SiMe3)3] (95), [In(CH2SiMe3)3] (96) and  
[Al(η1-CH2CH=CH2)2(thf)3]+[BPh4]– (99). 
Compound 93     94 95 96 99
Empirical formula C12H33BSi3 C24H66Al2Si6 C12H33GaSi3 C12H33InSi3 C46H62AlBO4  
Mr 272.46     
   
     
       
    
     
  
    
      
      
   
     
     
     
     
     
     
577.27 331.37 376.47 716.75
Crystal size (mm) 0.80 × 0.50 × 0.50 0.60 × 0.60 × 0.50 0.80 × 0.50 × 0.50 0.50 × 0.30 × 0.30 0.20 × 0.13 × 0.08 
Crystal colour and habit Colourless cylinder 
 
Colourless block 
 
Colourless cylinder 
 
Colourless rod 
 
Colourless fragment 
 Crystal system P21/c P–1 P21/c P–1 P–1
Space group 
  
Monoclinic Triclinic Monoclinic Triclinic Triclinic
a (Å) 6.5339(11) 10.009(2) 6.5482(5) 10.353(3) 12.073(3)
b (Å) 16.378(3) 10.4113(16) 16.9374(17) 10.358(3) 13.120(3) 
c (Å) 18.764(3) 11.3479(18) 18.838(3) 10.386(2) 14.328(3)
α (°) 90 108.780(13) 90 74.22(2) 70.859(6)
β (°) 105.097(13)
 
103.538(16) 101.271(10)
 
77.787(19) 82.787(6)
γ (°) 90 111.771(15) 90 67.66(2) 76.337(6)
V (Å3) 1938.7(6) 952.0(3) 2049.0(4) 984.0(4) 2080.5(8)
Z 4 1 4 2 2
Dcalc (g.cm–3) 0.933 1.007 1.074 1.271 1.144
T (K) 223(2) 248(2) 223(2) 213(2) 130(2)
µ(Mo Kα) (mm–1) 
 
0.226 0.277 1.501 1.366 0.090
F(000) 608 320 712 392 776
θ Range (°) 2.25–28.22 3.11–28.09 2.20–28.01 2.05–26.01 1.88–24.08
Number of reflections collected 13002 9202 11146 8000 18731 
Number of reflections observed [I> 2 σ(I)] 3097 3830 3640 2828 3761
Number of independent reflections (Rint) 
 
4721 (0.0840) 4601 (0.0318) 4697 (0.0541) 3855 (0.0841) 5996 (0.1056) 
Data/restraints/parameters 4721/0/154 4601/0/162 4697/0/154 3855/0/154 5996/0/490
Goodness-of-fit on F2 1.008 1.011 1.071 1.077 0.900
R1, wR2 [I> 2 σ(I)] 0.0520, 0.1110 0.0471, 0.1119 0.0484, 0.1179 0.0634, 0.1311 0.0551, 0.1310 
R1, wR2 (all data) 0.0930, 0.1209 0.0615, 0.1182 0.0684, 0.1351 0.0970, 0.1384 0.0935, 0.1488 
Largest difference in peak and hole (e Å–3) 0.372 and –0.172 0.434 and –0.308 0.616 and –1.191 0.986 and –0.836 0.386 and –0.287 
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D.4. Index of Compounds. 
 
1 [Y(η3-C3H5)3(diox)] 
2 [La(η3-C3H5)3(diox)] 
3 [Nd(η3-C3H5)3(diox)] 
4 [K(η3-C3H5)] 
5 [K]+[Y(η3-C3H5)4]– 
6 [K]+[La(η3-C3H5)4]–
7 [Y(η5-C5Me4SiMe3)(η3-C3H5)2(thf)] 
8 [La(η5-C5Me4SiMe3)(η3-C3H5)2(thf)] 
9 [Y(η3-C3H5)2(thf)3]+[BPh4]–
10 [La(η3-C3H5)2(thf)3]+[BPh4]–  
11 [Nd(η3-C3H5)2(thf)3]+[BPh4]–
12 [Y(η3-C3H5)2(thf)3]+[B(C6F5)4]–    
13 [La(η3-C3H5)2(thf)3]+[B(C6F5)4]–
14 [Nd(η3-C3H5)2(thf)3]+[B(C6F5)4]–   
15 [Y(η3-C3H5)2(thf)3]+[Al(CH2SiMe3)3(η1-CH2–CH=CH2)]– 
16 [Y(η3-C3H5)2(thf)3]+[BPh3(η1-CH2–CH=CH2)]–
17 [La(η3-C3H5)2(thf)3]+[BPh3(η1-CH2–CH=CH2)]–   
18 [YMe(η3-C3H5)(thf)4]+[BPh4]–
19 [YMe(thf)6]2+[B(C6F5)4]–2
20 [YMe(η3-C3H5)(thf)4]+[B(C6F5)4]–
21 [Y(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[BPh4]–  
22 [La(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[BPh4]–
23 [Y(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]–  
24 [La(η5-C5Me4SiMe3)(η3-C3H5)(thf)2]+[B(C6F5)4]–
25 [La(η3-C3H5)(thf)6]2+[BPh4]–2
26 [Nd(η3-C3H5)(thf)6]2+[BPh4]–2      
27 [Y{(µ-Me)2AlMe2}3] 
28 [La{(µ-Me)2AlMe2}3] 
29 [Nd{(µ-Me)2AlMe2}3] 
30 [Sm{(µ-Me)2AlMe2}3] 
31 [Gd{(µ-Me)2AlMe2}3] 
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32 [Lu{(µ-Me)2AlMe2}3] 
33 [Y(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] 
34 [La(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] 
35 [Nd(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] 
36 [Sm(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] 
37 [Gd(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] 
38 [Lu(η5-C5Me4SiMe3){(µ-Me)2(AlMe2)}2] 
39 [Sc(η5-C5Me4SiMe3)Cl2(thf)2] 
40 [Sc(η5-C5Me4SiMe3){(µ-Me)2AlMe2}2]      
41 [{Sc(η5-C5Me4SiMe3)Me(µ-Me)}2]  
42 [Y(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]–
43 [La(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]– 
44 [Nd(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]–
45 [Sm(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]–
46 [Lu(η5-C5Me4SiMe3)Me(thf)3]+[BPh4]–
47 [Y(η5-C5Me4SiMe3)(thf)4]2+[BPh4]–2       
48 [La(η5-C5Me4SiMe3)(thf)5]2+[BPh4]–2      
49 [Nd(η5-C5Me4SiMe3)(thf)5]2+[BPh4]–2
50 [Sm(η5-C5Me4SiMe3)(thf)5]2+[BPh4]–2      
51 [Lu(η5-C5Me4SiMe3)(thf)4]2+[BPh4]–2
52 [LaMe(thf)6]2+[BPh4]–2        
53 [SmMe(thf)6]2+[BPh4]–2        
54 [GdMe(thf)6]2+[BPh4]–2  
55 [LaMe(thf)6]2+[B(C6H4F)4]–2
56 [NdMe(thf)6]2+[B(C6H4F)4]–2  
57 [SmMe(thf)6]2+[B(C6H4F)4]–2
58 [NdMe(thf)6]2+[BPh4]–2
59 [La{OCMePh2}(thf)6]2+[BPh4]–2        
60 [Nd{OCMePh2)}(thf)6]2+[BPh4]–2       
61 [Sm{OCMePh2}(thf)6]2+[BPh4]–2       
62 [Y(BH4)3(thf)3] 
63 [La(BH4)3(thf)3] 
64 [Nd(BH4)3(thf)3] 
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65 [Sm(BH4)3(thf)3] 
66 [Lu(BH4)3(thf)3] 
67 [Y(BH4)2(thf)5]+[BPh4]–
68 [La(BH4)2(thf)5]+[BPh4]–
69 [Nd(BH4)2(thf)5]+[BPh4]–
70 [Sm(BH4)2(thf)5]+[BPh4]–
71 [Lu(BH4)2(thf)5]+[BPh4]–
72 HC5Me4CH2SiMe2NHPh 
73 HC5Me4CH2SiMe2NHC6H4tBu-4 
74 HC5Me4CH2SiMe2NHC6H4nBu-4 
75 [Y(CH2SiMe3)3(thf)2] 
76 [Lu(CH2SiMe3)3(thf)2] 
77 [Lu(η5-C5Me4CH2SiMe2NtBu-κN)(CH2SiMe3)(thf)] 
78 [Y(η5-C5Me4CH2SiMe2NPh-κN)(CH2SiMe3)(thf)2
79 [Y(η5-C5Me4CH2SiMe2NC6H4tBu-4-κN)(CH2SiMe3)(thf)2] 
80 [Y(η5-C5Me4CH2SiMe2NC6H4nBu-4-κN)(CH2SiMe3)(thf)2] 
81 [Lu(η5-C5Me4CH2SiMe2NPh-κN)(CH2SiMe3)(thf)2] 
82 [Lu(η5-C5Me4CH2SiMe2NC6H4tBu-4-κN)(CH2SiMe3)(thf)1.5] 
83 [Lu(η5-C5Me4CH2SiMe2NC6H4nBu-4-κN)(CH2SiMe3)(thf)1.5] 
84 [Y(η5-C5Me4CH2SiMe2NPh-κN)(µ-H)(thf)]2
85 [Y(η5-C5Me4CH2SiMe2NC6H4tBu-4-κN)(µ-H)(thf)]2
86 [Y(η5-C5Me4CH2SiMe2NC6H4nBu-4-κN)(µ-H)(thf)]2 
87 [Y(η5-C5Me4SiMe2NtBu-κN)(CH2SiMe3)(thf)] 
88 [Lu(η5-C5Me4SiMe2NtBu-κN)(CH2SiMe3)(thf)] 
89 [Y(η5-C5Me4CH2SiMe2NtBu-κN)(CH2SiMe3)(thf)] 
90 [Y(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2] 
91 [Lu(η5-C5Me4SiMe2NPh-κN)(CH2SiMe3)(thf)2] 
92 [Y(η5-C5Me4CH2SiMe2NCH2CH2NMe2-κN,N’)(CH2SiMe3)(thf)] 
93 [B(CH2SiMe3)3] 
94 [{Al(CH2SiMe3)3}2] 
95 [Ga(CH2SiMe3)3]
96 [{In(CH2SiMe3)3}2] 
97 [Al(η1-CH2–CH=CH2)3(thf)]         
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98 [K]+[Al(η1-CH2–CH=CH2)4]–
99 [Al(η1-CH2–CH=CH2)2(thf)2]+[BPh4]–
100 [Al(η1-CH2–CH=CH2)2(thp)2]+[B(C6F5)4]–       
 
 
Compounds synthesised according to literature procedures 
 
a HC5Me4SiMe3 
b [LiC5Me4SiMe3] 
c [KC5Me4SiMe3] 
d [LiAlMe4] 
e [LiCH2SiMe3] 
f [NEt3H]+[BPh4]–  
g [NEt3H]+[B(C6H4F-4)4]– 
h [NnBu3H]+[BPh4]–
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 For they have been shown to be key species in various
homogeneously catalysed processes, cationic complexes of
the rare-earth metals have been the object of increasing
attention over the past years. The quest for well-defined, 
structurally characterised species is crucial for the 
understanding of structure/reactivity relationships. Thus, many
examples of complexes  featuring the ubiquitous
trimethylsilylmethyl anion CH2SiMe3 have been reported so far. 
However, the inherent thermal sensitivity of their neutral 
parents is a great obstacle limiting their accessibility. In
addition, examples of cationic derivatives involving other
ligands remain marginal. In this work, the suitability of different
monoanionic fragments (C3H5, AlMe4, BH4) for the access to 
neutral homoleptic precursors, and the stabilisation of the
cationic complexes deriving therefrom, is investigated. The use
of Brønsted as well as Lewis acids for the generation of
thermally robust mono- and dicationic derivatives is 
documented. The structural characterisation of neutral and 
cationic allyl, methyl and tetrahydroborato complexes, as well
as the study of their reactivity in the catalysis of 1,3-butadiene 
or ε-caprolactone polymerisation, provides an insight in the
reactivity patterns of these highly Lewis-acidic, sterically 
unsaturated species. Finally, a structural study on Group 13
alkyl and allyl species is reported.  
